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Note 


This volume contains substantially all papers presented at the 22nd Annual Meeting of the 
Microbeam Analysis Society, except a group of papers on surface analysis, which will appear 
in the companion volume Analytical Eleetron Mieroscopy—-1987 scheduled for publication at 
the end of 1987. 
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1. Presidential Symposium 
THE HISTORY AND FUTURE OF THE SCANNING ELECTRON MICROSCOPE 
Oliver C. Wells 


The scanning electron microscope (SEM) is 52 
years old. Here, I shall describe the devel- 
opment so far and try to see how it will con- 
tinue. The main points are, first, the devel- 
opment of the SEM was the work of many people; 
second, successful ideas are sometimes not 
immediately recognized as such even after 
being demonstrated in practice; and third, the 
progress that has led from an experiment in 
the laboratory to an extraordinarily success-~- 
ful commercial machine is likely to continue. 

Unfortunately, the history must be kept 
brief. Accordingly, the bibliography has been 
cut off almost completely at 1965, which is 
when the earliest commercial SEM was an- 
nounced. The present situation is then sum- 
marized briefly. 


Historteal Review 


Knoll (1935 and 1941) built an SEM in which 
the electron column was similar in many ways 
to a cathode-ray tube. The spot size was an 
appreciable fraction of a millimeter. He 
showed what can be done with simple apparatus. 
He demonstrated various "modern" ideas such as 
the television rate of scan; the use of low 
beam energy to avoid specimen charging; elec- 
tron-channeling pattern (ECP) contrast in the 
secondary electron (SE) image to show the 
grains in a polycrystalline Si-Fe sheet; the 
use of the beam to induce a potential on a 
nonconducting particle and then to measure 
what this potential is; and so on. 

Von Ardenne (1938 et seq.} added magnetic 
lenses to give a smaller beam diameter. He 
examined solid specimens before devoting his 
main effort to operation of the SEM in trans- 
mission. Oatiey (1982} wrote: "Von Ardenne was 
the true father of the scanning electron micro- 
scope, who had all the right ideas. His mis- 
fortune was to have worked at a time when ex- 
perimental techniques had not advanced quite 
far enough to enable him to bring those ideas 
to full practical fruition."' (The very signif- 
icant contributions that Prof. Oatley made to 
the development of the SEMare described below.) 

V. K. Zworykin and his coworkers at RCA 
Laboratories made significant contributions to 
both the SEM and transmission electron micro- 
scope (TEM) in the 1940s. Zworykin, Hillier, 
and Snyder (1942) describe an SEM that had 
much in common with the modern form. Zworykin 
et al. (1945) discuss the theory of the SEM in 
some detail. The workers at RCA concluded 
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SE secondary electron(s) 
SEM scanning electron microscope 
TEM transmission electron microscope 


that the TEM was more valuable than the SEM 
because it was simpler and gave better resolu- 
tion, (Some very good images of solid samples 
had been obtained using replicas.} In addi- 
tion, there was work to be done in microanaly- 
sis (as described below). On this question, 
they may well have been right given the situa- 
tion at that time, The concentration of their 
resources on the development of high-resolu- 
tion techniques in the TEM and on microanaly- 
sis was generally regarded as being the most 
sensible thing to do. Work on the SEM was ter- 
ininated. 

In the late 1940s, the TEM was being estab- 
lished in many laboratories worldwide. Cam- 
bridge in England was no exception. V. E. 
Cosslett and his students were doing signifi- 
cant work at the Cavendish Laboratory. 

This set C. W. Oatley a problem just down the 
road in the Engineering Laboratories. He was 
interested in electron microscopy as a method 
for training electrical engineers. It obvi- 
ously did not make sense to compete directly 
against a group who were doing great things 
with microscopes that were at the forefront of 
what was available commercially. 

Oatley decided that the wartime development 
of improved cathode-ray tubes and the more re- 
cent development of a demountabic electron 
multiplier with Be-Cu dynodes by Baxter (1949) 
justified a renewed effort on the SEM. McMul- 
lan (1979) has said that the majority opinion 
was against it, but Gabor (1948) "took quite an 
optimistic view of its prospects." 

Oatley (1972 et seq.) has described the way 
in which his students developed the SEM into 
its modern form. This work involved the devel- 
opment of the instrument, the theory of opera- 
tion, and how it should be applied. He super- 
vised the SEM work in detail until 1960, when 
he was elected Head of the Electrical Division 
in the Engineering Department. His place was 
taken by W. C. Nixon (1964 and 1968). It is 
quite clear that Prof, Oatley's contribution 
to the development of the SEM has not received 
the worldwide recognition it doubtless de- 
serves. 

A series of Ph.D. projects were started at 
that time. McMullan (1953) built an instru- 
ment with electrostatic lenses and obtained 
backscattered electron (BSE} images with a 
tilted specimen and with the BSE collector in 
the forward position. He was influenced in his 
choice of contrast mechanism by the develop- 
ment of the reflection electron microscope by 
Ruska (1933), von Borries (1940), and Menter 
(1952). His discussion of BSE image formation 
was of particular interest. The idea of the 
low-loss electron (LLE) image was proposed by 
him (1953a): ". . . the beam from the speci- 
men could be restricted to the electrons which 
have lost only small amounts of energy and 
which have therefore travelled only short dis- 
tances through the specimen." Oatley (1982) 
wrote: "'A reading of his Ph.D. dissertation 
leaves one amazed at the amount of ground that 
he was able to cover."' A replica of McMullan's 
SEM is in the Science Museum in London (McMul- 


lan 1986). 

(Later it was found that for topographic 
sutdies that used the LLE image, the collec- 
tion solid angle as shown in Fig. 4(c) of 
McMullan (1953a} must include the plane of the 
specimen surface in the forward direction. I 
built an energy-filtering LLE detector in 1971.) 

Smith and Oatley (1955) established the 
value of the secondary electron (SE) image for 
the study of rough samples, and studied dynam- 
ic processes in the SEM. The type of SE image 
that has become such a familiar sight in the 
popular press was first demonstrated by Ken 
Smith when he moved the electron multiplier in 
McMullan'’s SEM closer to the specimen. In the 
course of an investigation into the "forming" 
of point-junction contacts, Smith noticed that 
the entire image became brighter or darker 
when a few volts were applied to the specimen. 
This chance observation was the basis for Oat- 
ley's discovery of voltage contrast (see be- 
low). Smith also built a BSE detector in 
which an aluminized scintillator was mounted 
close to the sample to subtend a large solid 
angle, made a preliminary trial with a water 
vapor cell, and gave the signal-to-noise ratio 
condition for this type of detector. The idea 
of using a scintillator instead of a phosphor 
to collect electrons in the SEM was suggested 
by Oatley. In the 1950s this substitution 
gave a speed advantage. Nowadays, phosphors 
seem to be just as good. 

Smith (1960) describes an SEM with magnetic 
lenses that he built and shipped to the Pulp 
and Paper Research Institute in Montreal. 

This was the first SEM to be applied to indus- 
trial problems on a routine basis. References 
are cited under Smith and under Buchanan. The 
paper by Smith (1959) is the first that con- 
tains SE images from rough samples of present- 
day quality. It has always been a mystery to 
me why this reference is cited so infrequently, 
considering how significant is the work that 
it contains. 

I followed Smith, built an SEM, and in one 
of my experiments changed the position of the 
scintillator to see how this change affects 
the BSE image. The present status of this 
line of work is described elsewhere in these 
Proceedings. One of my scintillators had a 
hole in it for the beam to pass through on its 
way to the specimen, but here I must acknowl- 
edge that the general concept of symmetrical 
detection of BSE had been discussed by McMul- 
lan (1953). Concerning Oatley's research 
philosophy, on several occasions he said: "Why 
don't you put together something simple that 
works?" 

The theory of SE imaging of topographic 
contrast at that time was as follows. Smith 
had demonstrated the value of the SE method 
from quite a wide range of samples. He had 
started to explain the underlying contrast 
mechanisms, and took part in many of the fol- 
lowing discussions. In my thesis, I calcu- 
lated the diameter of the escape area for SE 
excited by the beam as it enters the specimen, 
and argued that this figure will set an upper 
limit limit for the spatial resolution. (The 


situation at a sharp edge is different.) The 
references listed under Everhart et al., 


Thornley, and Pease et al. describe how the 
escaping BSE excites SE from a larger area, 
which provides useful signal at low magnifica- 
tion or a "background" at high magnification. 
What we all missed is that a fraction of the 
incoming beam remains remarkably compact dur- 
ing the early stages of the penetration into 
the sample, and this feature can sometimes 
show subsurface structures quite sharply by 
using the BSE-excited secondaries (i.e., the 
usual "bad guys" at high magnification) to give 
the signal. 

By The early I960s, research into the SEM 
was also taking place at Westinghouse, at Bell 
Laboratories (where an x-ray microanalyzer was 
used), in France, in Russia, and at some other 
locations also. Luminescent images were ob- 
tained by McMullan in 1953 (Smith and Oatley, 
1955) and by Davoine et al. (1960). Tipper, 
Dagg, and Wells (1959) studied metal frac- 
tures. Everhart and Thornley (1960) described 
the SE detector that later became the standard 
in commercial SEMs. Thornley and Cartz (1962) 
used a low-beam energy to examine uncoated 
ceramics. Thornley, Brown, and Speth (1964) 
demonstrated the electron-beam storage of in- 
formation. References to ion etching in the 
SEM are cited under Stewart, Boyde, and Broers. 
High-resolution studies were described by 
Pease and Nixon (1965a). 

Work was also started with semiconductors. 
Oatley and Everhart (1957) obtained voltage 
contrast from a reverse-biased p-n junction. 
Time-resolved voltage contrast was demon- 
strated by Plows and Nixon (1968) and by Mac- 
Donald, Robinson, and White (1969). Semicon- 
ductors were also studied by Thornton et al. 
(1963), Spivak et al. (1964), and by the lum- 
inescent method of Wittry and Kyser (1964). 
Electron-beam fabrication was suggested by von 
Ardenne (1938) and was put into practice by 
Buck and Shoulders (1958), Mdllenstedt and 
Speidel (1960), Shoulders (1960), Wells, Ever- 
hart, and Matta (1963 and 1965), Thornley and 
Sun (1965), and Broers (1965). 

The electron voltaic effect was discovered 
by Ehrenberg, Lang, and West (1951). Ever- 
hart (1958) obtained a waveform as a finely 
focused electron beam was scanned across a p-n 
junction. Induced signal tmages (later called 
either charge collection images or EBIC im- 
ages) were obtained by Wells, Everhart, and 
Matta (1963 and 1965), Everhart, Wells, and 
Matta (1963 and 1964), Lander et al. (1963), 
and Czaja et al. (1964 and 1965). So far as I 
know, the earliest demonstration of such im- 
ages from a semiconductor device and of pat- 
tern registration during electron-beam fabri- 
cation by SEM techniques was in my two refer- 
ences above. 

Stewart and Snelling (1965) describe the 
first commercial SEM, which was then marketed 
by the Cambridge Instrument Co. Kimoto and 
Hashimoto (1966) collected BSE using a pair 
of solid-state diodes, and described the "sum- 
or-difference" BSE imaging technique for show~ 
ing either the compositional variations or the 
surface topography of the specimen. Shortly 
thereafter JEOL introduced a commercial SEM, 

Microanalysis of thin films by the energy- 
loss method was demonstrated by Hillier (1943 


' 


et seq.). The x-ray microanalyzer with a 
static probe was proposed by Hillier (1947) 
and demonstrated by Castaing and Guinier 
(1949). The x-ray microanalyzer with a scan- 
ning electron beam was demonstrated by Coss- 
lett and Duncumb (1956). The development of a 
commercial instrument took place slightly ear- 
licr than for the SEM. In view of what I say 
below, it is interesting to see that Cosslett 
and Duncumb (1957) mounted the sample for mi- 
croanalysis in the high-field region of a con- 
denser-objective lens. 

I hope that I can be forgiven for not sum- 
marizing the development of the SEM after the 
announcement of commercial models in 1965. 

The number of people who have contributed sig- 
nificantly to the subject is far too large. 
Suffice to say that by 1987 commercial SEMs 
have reached such an advanced state of excel- 
lence that the researcher is forced either to 
apply them as they are, or to search (in the 
manner of Prof. Oatley, perhaps) for ideas 
that for some reason have become "unfashion- 
able'' in the hope that such a search will lead 
to something useful and new. A recent example 
is the reflection electron microscope, which 
fell into disuse in the 1950s but was restored 
to the forefront of microscopy by innovations 
introduced by Osakabe, Yagi, and Honjo (1980). 


The Next 50 Years 


The first step in foreseeing what will hap- 
pen in the next 50 years is to look at Knoll's 
1935 paper and realize that the most important 
component of the modern SEM that is missing is 
the computer. The way in which computers are 
increasingly being used to control the appara- 
tus and to record, evaluate, process and re- 
play the data is shown in Table 1. 

One of the earliest uses of computers was 
in x-ray microanalysis, where a relatively 
smal] amount of "hard data" had to be processed 
in a fairly elaborate way. As often as not 
they were processed by being sent to the main 
computer. Use of a small, dedicated machine 
followed. The processing of images is taking 
much the same path. Soon every instrument 
wil contain a computer as an essential com- 
ponent. ; 

The first item shown in Table 1 is the use 
of a computer to adjust the apparatus, which 
is already being done in a partial way. One 
of the earliest examples is in the control 
program for the x-ray microanalyzer, in which 
the computer automatically adjusts a wave- 
length spectrometer to the maximum count rate 
for a chosen x-ray peak. Measurement of the 
beam current in the x-ray microanalyzer is 
another example. SEMs are sold with an op- 
tional feature to adjust the focus automati- 
cally. Perhaps one of the most comprehensive 
examples of the computer control of an instru- 
ment is in electron-beam lithography, where 
the computer centers the electron gun, aligns 
the column, moves the table, searches for the 
index marks, generates the exposure pattern, 
pulses and deflects the electron beam, and so 
on. It is to be expected that in the future 
this approach will be applied routinely even 
in the simplest of commercial SEMs. 

Table 1 also shows the use of a computer to 


record, manipulate, and replay data. The use 
of text-handling techniques to add comments to 
the data is also noteworthy. 

An additional use of computers in scanning 
electron microscopy is in the modeling of im- 
age contrasts. Monte Carlo calculations of 
electron penetration in solid targets were 
carried out on a smail computer by Curgenven 
and Duncumb (1971). This approach has been 
considerably extended by Joy (1984). It per- 
mits the calculation of edge effects, the im- 
aging of subsurface structures, resolution 
limits, and so on. 

The improvement in the quality and quantity 
of work that will be achieved by the use of 
computers to control apparatus is only just 
becoming evident. It will surely become even 
more important in the future. 

One of the factors that has contributed 
greatly to the success of the SEM has been the 
growth of the microelectronics industry. A 
major factor here has been the trend to small- 
er devices, narrower lines, and thinner films. 
Advances can be expected in any aspect of the 
SEM that impacts upon this industry, such as 
linewidth measurement, profile measurement, 
improved resolution, improved measurement ac- 
curacy, reduced beam damage by low-voltage 
and low-dose techniques, systematic measure- 
ments of patterns that are repeated over a 
large area, searching for defects, automatic 
operation without the need of an operator, and 
analysis of a large mass of data. 

In the biological field, a major part of 
the work is in specimen preparation. Ways are 
needed to examine nonconducting samples without 
a conducting surface layer. Low-dose tech- 
niques are needed to minimize damage to the 
specimen. (The possibilities offered by com- 
puter control are obvious.) Low-voltage oper- 
ation gives good images of low-density sam- 
ples; here, there is a need to obtain good 
resolution in spite of the diffculties in fo- 
cusing of low energy beams. Cryotechniques 
are also useful. 

A parallel line of development is in the 
discovery and development of new forms of im- 
age contrast. The first step is usually to 
examine the physical processes involved in ex- 
isting methods of image formation more close- 
ly. Thus, in the case of the SE image, it 
will almost certainly be useful to take the SE 
one at a time and measure the energy, direc- 
tion, number of SE emitted simultaneously, 
other types of coincidence effect, and so on, 
It seems likely that this goal can best be 
achieved in ultrahigh vacuum. Ideas must be 
stolen from surface science. Similar methods 
can be applied to BSE and x-ray microanalysis 
also. 

An interesting present trend is the devel- 
opment of SEMs for the examination of solid 
specimens in the high-field region of a con- 
denser-objective lens. The improvement that 
this approach gave in the TEM is described by 
Ruska (1965): "The specimen must lie in the 
position at which the axial field strength is 
a maximum. Such an imaging field, which simn- 
ply decreases from a maximum, has a spherical 
aberration constant about 10 times smaller 
than the magnetic objectives hitherto used, 
where the specimen is generally situated in 


front of the whole field; the chromatic aber- 
ration constant is half as small, and the re- 
sulting resolution limit is nearly twice as 
good."" Images can be obtained by the collec- 
tion of SE, BSE, or LLE; it is expected that 
all these methods will be considerably im- 
proved. 

A further line of development, unspectacu- 
lar perhaps but nonetheless significant, will 
be the steady improvement in all aspects of 
the apparatus. Better vacuum, smaller elec- 
tron beams, and the further development of 
surface-sensitive techniques are all important. 

Obviously it is not possible to predict the 
future development of a subject with total ac- 
curacy. However, in the case of the SEM the 
present widespread level of interest and rate 
of progress leaves one feeling confident that 
significant developments are sure to occur. 


Appendtx 


Professor Oatley commented on a preliminary 
draft of this paper as follows: 

"Would you consider putting in a mention 
of Les Peters? It was actually he and I who 


first showed contrast at a p-n junction. 
Everhart arrived shortly afterward and publi- 
cation was delayed until he had completed a 
more thorough investigation. . . . Les Peters 
+ » » contributed so much that I would like to 
see his name somewhere. 

". . . You draw a distinction between phos- 
phors and scintillators. . - The basic idea 
of electron-phosphor-photomultiplier came 
from the 1940 RCA work, though their arrange- 
ment was... inefficient. McMullan and I 
considered this possibility but thought the 
afterglow of phosphors then available was too 
long for a l-second frame scan. When organic 
scintillators were developed by the nuclear 
people, I got hold of a piece and gave it to 
Ken Smith, who was nearing the end of his time 
as a research student. He used it for the 
detection of fast backscattered electrons. I 
think I probably made the rather obvious sug- 
gestion of using a light pipe. The basic 
ideas were then ready for the more detailed 
work of Everhart and Thornley. Nowadays P-47 
phosphor is commonly used on the end of the 
light pipe, so why the distinction between 
scintillators and phosphors?" 


TABLE 1.--Computer-aided imaging in the x-ray microanalyzer and SEM. 


Set up the system: 


While recording the data: 


Compute: 


During the replay: 


Model image contrasts: 


X-Ray Microanalyser SEM 


(usually a spectrum) 


Measure current 
Adjust spectrometers 


Control apparatus 
Record parameters 
Calculate dead-time 
Move the specimen 


Identify peaks 
Measure peaks 
Subtract background 
Deconvolute spectra 
Calculate ZAF 
Store data 


Control format 
(Text handling) 


Monte Carlo 


{usually an image) 


Autoniatic focus 


Scan the beam 

Put data on photo 
Integrate noise 
Move the specimen 


Measure line-widths 
Measure inclusions 
Adjust levels 
Subtract images 
Process images 
Store image 


Control format 
(Text handling) 


Monte Carlo 
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2A. EPMA: Analytical 
THE USE OF BACKGROUND IN THE ELECTRON PROBE ANALYSIS OF BULK SAMPLES 


C. E. Nockolds 


The information contained in the continuum ra- 
diation has been exploited in several areas of 
electron beam analysis. In thin-film analysis 
the Hall method? is used to compensate for 
variations in mass-thickness across a sample. 
For particles and rough bulk materials the P/B 
method??% has been used to overcome the diffi- 
culties of calculating the matrix correction. 
In this paper the use of the background in the 
analysis of bulk samples with known geometry 
(i.e., flat polished samples) is explored. 

The current generation of SEM/EDS analyti- 
cal systems have the ability to carry out rou- 
tine analysis, and in many cases to perform 
automatic analyses by moving the beam or the 
specimen stage. However, these systems usual- 
ly have no convenient method of closely moni- 
toring the beam current which means that the 
results have to be normalized to 100%. In 
conventional electron probe microanalyzers the 
non-normalized analysis total is a very useful 
indicator of some problem with the analysis 
(the beam down a hole in the sample), or the 
presence of an element not being analyzed. 
This study follows the work of Wendt and 
Schmidt ,* who showed that an integrated region 
of background could be used as an alternative 
to directly measuring the beam current. Al- 
though the use of background under or close to 
the characteristic peaks has many advantages 
with respect to matrix corrections, the major 
disadvantages are that it is difficult to mea- 
sure the background accurately under a large 
peak, and it requires long counting times to 
obtain good statistics. It seems sensible to 
follow Hall* and use a large region of back- 
ground away from the characteristic peaks. 

Kramers's equation for the continuum x rays, 
and the various modifications that have been 
proposed, suggest that there is a relationship 
between average atomic number (Z) and back- 
ground counts, in the form shown below. 


B' = Ag(Z) 


where B' is the background integrated over 
some range in energy, corrected for the ef- 
fects of x-ray absorption and backscattered 
electrons in the sample; g(Z) is a function 
that expresses the relationship between B' and 
Z, which according to Kramer's law would be 
g(Z) = Z; andA is a constant determined by the 
operating conditions {beam currents, acceler- 
ating voltage, etc.), the detector/specimen 
geometry, and the particular region used for 
the background integration. (Under typical 
conditions of analysis, A is essentially a 
measure of beam exposure.) 

We define a peak-to-background ratio 


PB = I/[B'/g(Z)] = 1/A 
where I is the integrated intensity for a 


characteristic x-ray peak, and a k-ratio 


The author is at the EM Unit, University of 
Sydney, N.S.W., 2006 Australia. 


k* = PB,/PB, 


where the subscript u refers to the "unknown" 
sample and s refers to the standard. Then 
combining these two equations we obtain 


k* = (I/A)y/(CI/A)s = Iy/Is 


This is the conventional k-ratio corrected 
for differences in beam current between the 
standard and the unknown. However, the correct 
value for Ay [= B'/g(Z)] cannot be calculated 
until the composition of the sample is known, 
and so the k-ratio k* must be determined by 
iteration within the full matrix correction 
procedure. For example, if the preferred cor- 
rection procedure is ZAF, then 


Cy = (k*Cs)ZAFy/ZAFs 


Experimental 


Because of the local requirements, and to 
simplify the process, the initial study was re- 
stricted to the range of compounds normally 
found in mineral silicates and oxides (essen- 
tially from MgO to Fe,0, or a range of average 
atomic number of 10 to 20). To insure ade- 
quate statistics and to avoid characteristic 
peaks, the integration range for the background 
was from 8 to 20 keV. The usual accelerating 
voltage for this range of samples is 15 kV; 
however, this voltage was increased to 20 kV to 
improve the count rate in the region above 8 
keV. 

We were able to simplify the correction of 
the integrated background B for absorption and 
backscatter greatly by calculating the factors 
at a single energy value within the energy 
range 8-20 keV, using a conventional ZAF algo- 
rithm. The data were collected by an EDAX 
9900 Analyzer attached to a Philips 505 SEM. 
The specimen was tilted at 18° and the take-off 
angle to the detector was 38°, The total count 
rates were of the order of 4000 cps and the 
analysis time was set at 100 live seconds. Un- 
der these conditions the integrated background 
varied from approximately 24 000 counts for 
Al,0, to 50 000 counts for Fe,0,. The beam 
current was monitored by means of a Faraday cup 
mounted on the specimen stage. 

Five well characterized, standard samples 
were used to determine the calibration curves 
shown in Figs. 1 and 2: A1,0,, Si0,, Ti0,, 
and Fe,0,. Figure 1 shows the plot of B' ver- 
sus Z for the five points and the least-squares 
fitted line. Figure 2 shows the plot of log B' 
versus log Z. 


Results 


As indicated by Figs. 1 and 2 there is an 
approximately straight-line relationship re- 
gardless of whether the plot is B' vs Z or log 
B' vs Z, although the log plot gives a much 
closer fit to the least-squares tine. The 
equations of the two fitted lines are 


Bio = 50952 - 20598 


log Bt 


= 1.388 log Z + 7.154 

For the linear plot the background is zero 
when Z = 4, which probably indicates that this 
straight-line function does not extend far be- 
yond the present range. For the log plot, log 8! 
is zero when Z = 0.006. Consequently, it was 
decided to use the g(Z) derived from the log 
plot for subscqucnt calculations. The g{Z) 
function is 


g(Z) Ze zi 388 


To test the use of k*, a series of measure- 
ments were made on the CaSi0, standard, The 
beam current was varied from 0.5 to 0.63 nA 
and for three of the measurements (analyses 4, 
5, 6 in Table 1) "bad" analysis points were 
chosen, as described at the bottom of Table i. 
These points illustrate three of the many pos- 
sible problems that might arise, for example 
during an automatic analysis run. In part (a) 
of Table 1, the k-ratios were derived from the 
ratio of characteristic intensities (with 
CaSiO; used as the standard for both Ca and 
Si). These k-ratios were normalized and pro- 
cessed by a conventional ZAT procedure, and 
the final results normalized to 100% concen- 
tration by weight. In part (b) k* was used as 
the k-ratio (once again with CaSi0, used as 
the standard) and iterative refinement of k* 
was added to the iteration process of the ZAF 
calculation. Since the standard and unknown 
are the same, it was not surprising to find 
that the convergence was reasonably quick. 

The calculations converged satisfactorily by 
simple iteration after 10 cycles. With a con- 
vergence routine such as the Wegstein proce- 
dure, the calculations converged after 5 cy- 
cles. 

A further use of this method is that it al- 
lows for the determination of an element by 
difference (such as water in the silicate min- 
erals). To test this Feature a calculation 
was made using the raw data for analysis 3 in 
Table 1. In this calculation it was assumed 
that the compound contained CaO by difference 
and only the k-ratio for Si was included in 
the calculation (a rather extreme example of 
water by difference}. Here it was necessary 
to assume initially that the compound was pure 
SiO,. After convergence the final result was 
S$i0,, 52.16%; and CaO, 47.84%. 


Cone lusions 


This method of using the background to al- 
low for beam-current fluctuations and to use 
the information about average atomic number 
seems to be promising. The work of Vander 
Wood et al.° indicates that a sensible curve 
may be obtained only within a well-defined set 
of compounds. If that is true, the method 
will still have application in arcas such as 
the silicate minerals. The procedure can be 
easily incorporated into a Bence-Alhee pro- 
gram, and the background from an EDS could be 
used in conjunction with peak intensities 
measured on a WDS. 
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FIG, 1.--Correeted background B' vs average 
atomic number for Al,0,, Si0;, Ti0,, and 
Fe,03. Dashed line is fitted to the five 
points by least squares. 
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FIG. 2.--Graph of log B' versus log 2 for the 
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same five compounds shown in Fig. 1. 


TABLE 1.--Six analyses from Wollastonite sample (CaSi03), comparing results from continuum cor- 
rection procedure with those given by normalization to 100% oxide. Chemical composition (wt%) 
of CaSi03 is 51.78% Si0., 48.22% CaQ. 


Analysis # 1 2 3 ae 5 


(a) Normalized to 100% oxide 


Sid 51.50 51.65 51.78 30.95 52.10 52.22 
Cad 48.50 48.35 48.22 69.05 47.90 47.78 


(b) Continuum correction 


Analysis over a crack in sample 
Analysis half on sample, half on resin 
c. Analysis over "fluff" on surface 
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THE PREDICTION OF BACKGROUND INTENSITIES IN ENERGY-DISPERSIVE 
ELECTRON MICROPROBE ANALYSIS 


D. G. W. Smith and D. A. Wynne 


Accurate calculation of background intensities 
is fundamental to successful quantitative en- 
ergy-dispersive electron microprobe analysis. 
Several expressions relating continuum inten- 
sity to atomic number, accelerating potential, 
and continuum energy have been proposed.+~? 
This paper compares three of them and suggests 
a possible explanation for discrepancies be- 
tween two of the more recent expressions. 

Before it is recorded, the generated x-ray 
continuum is modified by several processes, 
including absorption within the sample, ab- 
sorption in detector components, the occur- 
rence of escape events, incomplete charge col- 
lection in the detector, and any pulse pile-up 
not successfully eliminated by electronic 
means. The physical characteristics of the 
detector--the Be window, the Au contact sur- 
face layer, the Si dead-layer and the thick- 
ness of the active volume--are unique to each 
individual detector and are generally not 
known in any detail. It is therefore diffi- 
cult to make accurate theoretical corrections 
for the effects of these components on emitted 
x-ray intensities. However, it has been shown 
that the actual effects can be modeled exper- 
imentally by use of the continuum recorded 
from substances such as Be, B, or C, which 
have no characteristic peaks in the range of 
energies normally recorded by a Si(Li) detec- 
tor.°’7*9 By taking into account the effects 
of the physical characteristics of a detector 
in this way, an expression that predicts the 
pattern of variation of continuum intensity 
for atomic numbers from 4 to 92, accelerating 
potentials from 5 to 30 kV, and continuum en- 
ergies from 0.5 to 10 keV can be derived. In 
practical applications residual errors are gen- 
erally better than £5% of the calculated in- 
tensity, even where absorption edges and other 
spectral artifacts are present. The same ex- 
pression and approach can be used to calculate 
background intensities in wavelength dispersive 
analysis.? 

Recent work by Small et al.® produced an 
alternative expression for continuum intensity 
based on a data set obtained with a different 
detector and spectrometer. Intensities re- 
corded by an energy-dispersive spectrometer 
are controlled also by probe current, the size 
of the detector, and its position relative to 
the sample. Even if one ignores these fac- 
tors, which produce only a change of scale and 
not of shape, surprisingly large discrepancies 
are apparent between intensities predicted by 
the expression of Small et al.® and the earli- 
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er expression of Smith et al.°?7’? (Figs. 
1-6). Comparisons have been restricted to the 
energy range 0.5-10 keV, the range for which 
the data of Smith et al. were fitted. How- 
ever, at higher continuum energies (715 keV) 
it would be necessary to take into account the 
reduced detector efficiency due to partial 
transmission of high-energy photons. Again, 
the size of the effect will depend on the 
thickness characteristics of individual detec- 
tors. Smali et al. corrected for the effects 
of anisotropy of x-ray generation, effects 
that were not taken into account by Smith et 
al., since they are irrelevant to the calcula- 
tion of intensities for detectors in a fixed 
position. However, it seems unlikely that 
such anisotropy could account for the discrep- 
ancies observed.® A practical and necessary 
corollary of these differences is that neither 
expression satisfactorily predicts background 
values for the spectrometer on which the other 
data were gathered. For comparison, Kramers's 
expression’ has also been plotted in Figs. 
1-6, in which intensities have been arbitrari- 
ly normalized at 10 keV. 

The expression of Smith ct al.°’’ has the 
form I = kZ™[E, - E)/E]*, where I is the in- 
tensity, Z the average atomic number, Epo the 
accelerating potential, and E the continuum 
energy. Exponents n and x are defined below 
and k is an experimental constant. The ex- 
pression was derived with data from a 1974 
model Ortec energy-dispersive spectrometer 
fitted to an A.R.L. EMX microprobe. Later, 
when an attempt was made to use this same ex- 
pression to predict intensities recorded by an 
Ortec EEDS II energy-dispersive spectrometer 
fitted to an A.R.L. SEMQ instrument, small but 
distinct and repeatable discrepancies were ap- 
parent between calculated and observed back- 
grounds. To achieve the same high-quality 
background fit, it is necessary to modify the 
values of some terms in the expression slight- 
ly. The values of the exponents in the two 
expressions are shown below: 


EMX: n = E(0.0739 - 0.0051 In Z) + p; 
p = 1.6561 = 0.1150 in Z; 
x = a= 1.76 - 0.00145 (2/E) 
SEMQ: n = E(0.0560 - 0.0033 In Z) + p; 
p = 1.6561 - 0.1150 In Z; 
X = a = 1.76 - 0.00080(Z/E) 
Figure 6 shows the ratios of intensities 


calculated for three different atomic numbers 
by both expressions at 15 kV, the accelerating 
potential used in routine analysis in the lab- 
oratory and the only potential at which the 
expression for the EEDS If spectrometer was 
tested extensively. The principal differences 
are at low continuum energies, but clearly 
there are disparities throughout the spectra. 
For comparison, the corresponding ratios of 
intensities calculated by the expression of 


both Small et al. and Kramers to the intensi- 
ties calculated by the EMX expression, are 
also shown. 

Both detectors have windows with a manufac- 
turer's nominal thickness of 7 um. The EEDS 
II detector was fitted with a custom-designed 
nose containing a range of different select- 
able apertures on a turntable. During cali- 
bration of this spectrometer it was noted that 
unless smaller collimating apertures were 
placed in exactly the same fixed position in 
front of the detector window, differences in 
intensity of recorded spectra could be clearly 
and repeatably observed. This result indi- 
cates a difference in the character of one or 
more of the detector components in different 
regions. 

Statham addressed the possibility that 
backscattered electrons contribute to the ob- 
served background by exciting continuum in the 
Be detector window.° He concluded that the 
effect would be minor: about 2.3% of the ob- 
served background would be generated in this 
way. However, his calculations were based on 
a l3um window (a thick window by today's stan- 
dards), 20keV backscattered electrons, and a 
sample of average atomic number 11. Substitu- 
tion of an extreme value of 92 for the atomic 
number of the sample (and the concomitant sig- 
nificant increase in the fraction of electrons 
backscattered) increases this figure to about 
5%. Furthermore, increase in the operating 
voltage, and hence in the energy of backscat- 
tered electrons impacting on the window, re- 
sults in greater average depths of penetration 
and x-ray generation, which further reduces 
absorption suffered by window-generated con- 
tinuum before it reaches the Si(Li) dead- 
layer. In particular, low-energy x rays, in 
the range 1-3 keV, which are normally most 
strongly attenuated by the Be window, are most 
enhanced by these mechanisms. 

Finally, some of the observed intensity may 
result from electrons actually penetrating the 
Be window and impacting directly on the detec- 
tor surface. This mechanism would be insig- 
nificant at accelerating potentials below 20 
kV if the Be window was of constant 7um thick- 
ness, but could be important if there are sig- 
nificant thin spots such as may be indicated 
by the aperturing experiments described earli- 
er. Furthermore, above 20 kV an increasing 
number of electrons will penetrate the window 
to generate x rays in the thin Au layer and Si 
dead-layer. 

Because the detector on the EMX probe is 
placed so far from the sample (-27 cm) and is 
surrounded on all sides by the grounded walls 
of the vacuum tank, it may suffer less severe- 
ly from the effects of radiation generated 
within the window by backscattered electrons. 
The detector on the SEMQ instrument, about 10 
cm from the sample (very close to and between 
the objective lens and the cone of the light 
optical system) may also receive a contribu- 
tion of electrons scattered from these compo- 
nents. This possibility was also recognized 
by Statham® in the context of the desirability 
of having a well-collimated detector. Thus 
the expression derived by Smith et al.°®*? us- 
ing the spectrometer on the EMX instrument, 
should provide the more accurate estimate of 


continuum intensity generated in the sample. 
That may explain why this expression works 
well with crystal spectrometers.* In Fig. 6, 
if it were assumed that the EMX instrument did 
not suffer at all from the effects of back- 
scattered electron generated intensity, the 
deviation of this ratio from unity would give 
a measure of the size of the effect in the 
SEMQ instrument. As would be expected, dif- 
ferences appear to be largest at lower contin- 
uum energies and at highest atomic numbers, 
where the largest fraction of electrons are 
backscattered. 


Cone lustons 


Although they are at the same take-off an- 
gle (52.5°), the two Ortec detectors investi- 
gated show significant differences in the 
background shape observed for a given sub- 
stance under fixed operating conditions. The 
expressions that have been derived to predict 
the background for the two spectrometers both 
differ from that of Small et al.® Neither of 
the Ortec detectors has been intentionally 
shielded from backscattered electrons, al- 
though one of them is very much more remote 
from the sample than the other and is partly 
buried in a cavity in the wall of the spec- 
trometer. It is not clear whether the possi- 
bility of window excitation by backscattered 
electrons was either avoided or taken into ac- 
count by Small et al. It is also not clear 
whether the authors considered the possibility 
of transmission of photons through the detec- 
tor or the transmission of electrons through 
the Be window when modeling at higher continu- 
um energies. 

We therefore concluded that expressions de- 
veloped to describe generated continuum inten- 
sity as a function of Z, E, and Ey, based on 
data from energy-dispersive spectra may be 
significantly in error due to backscattered 
electrons generating an intensity component in 
the detector window and even in the detector 
itself if the window is sufficiently thin in 
places to transmit the high-energy electrons. 
The use of such expressions to determine the 
background in energy-dispersive electron mi- 
croprobe analysis may be practicable only if 
they are restricted to the spectrometers used 
to gather the data set from which the expres- 
sions were derived. This is indeed the prin- 
ciple used in the application of the expres- 
sions derived by Smith et al.°*’ 

Further experiments will be attempted to 
determine what changes in intensities are ob- 
served in the recorded energy-dispersive spec- 
tra when backscattered electrons are deliber- 
ately deflected away from the aperture of the 
detector. 
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A COMPARISON OF MATRIX CORRECTION PROCEDURES FOR THE X-RAY MICROANALYSIS OF U-Nb ALLOYS 


A. D. Romig Jr., P. F. Hlava, and W. F. Chambers 


Two different matrix correction procedures for 
the quantification of x-ray intensity data 
from bulk specimens are currently in use.’ 

The realization that matrix corrections were 
required to quantify the x-ray data was made 
originally by Castaing.? The oldest procedure 
based on "first-principles calculations" rath- 
er than empirical calibration curves is ZAF,# 
where Z, A, and F indicate that to determine 
composition, the emitted x-ray intensity data 
are corrected for atomic number effects, ab- 
sorption effects, and characteristic fluores- 
cence effects, respectively. More recently, 
an alternate procedure referred to as $(pz), 
has been developed to the point of practical 
applications in microanalysis.*~® In this 
procedure, empirical fits to the depth-depen- 
dent (depth z and mass depth ez, where op is 
density) x-ray generation function $(pz)} are 
numerically integrated directly to obtain both 
the generated and emitted x-ray intensities. 

A characteristic fluorescence correction is 
then applied. Recently, a variation on (pz) 
has been introduced in which "fundamental" ex- 
pressions for the ¢(pz)} function are used. ® 
This procedure, although not yet widely avail- 
able, is often referred to as the "PAP" cor- 
rection algorithm. 

The objective of this study is to evaluate 
the quantification accuracy of the two matrix 
correction procedures, ZAF and "empirical" 
o(9z). A series of homogenous U-Nb alloys (1 
to 12 wt% Nb) were analyzed at several accele- 
rating voltages (10 to 40 kV) and their compo- 
sitions were determined by the two corrections 
algorithms. Pure-element standards were used 
to make the comparison between the two correc- 
tion procedures as rigorous as possible. The 
quantification results are compared to known 
compositions determined by wet chemical anal- 
tical techniques. The x-ray microanalysis re- 
sults are then examined to evaluate the rela- 
tive accuracy of the two techniques and any 
dependence of electron-beam energy. 


The Matrix Correction Procedure 


The intensity of x rays generated in a pure 
element bulk solid target can be determined 
from integration of the depth dependent x-ray 
generation function $¢(pz) as 


Ig = f4 (02) d(pz) (1) 


One can determine the intensity of x-rays 
emitted from the target in the absence of 
characteristic and continuum fluorescence by 
including absorption in Eq. (1): 


le = F, ¢(62) [expl-Eoz csc ¥)]d(ez) (2) 


The authors are at Sandia National Labora- 
tories, Albuquerque, NM 87185. The work was 
performed under U.S. Department of Energy con- 
tract DE-AC04-76DP00789. 
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where E is the mass absorption coefficient, 


z is depth, and ~ is the x-ray take-off angle 
(z csc y is the x-ray path length through the 
specimen). To calculate the actual composition 
explicitly, Eq. (2) must be corrected for char- 
acteristic and continuum fluorescence effects. 
The $(©z) function implicitly includes the ef- 
fects of electron backscatter and fluorescent 
yield. 

Both the ZAF and ¢(9z) correction proce-~ 
dures require the use of standards of known 
composition. The characteristic x-ray inten- 
sity for each element in the unknown is ra- 
tioed against the characteristic x-ray inten- 
sity for each element in the standard(s) to 
determine a k-ratio, 


k = I({unknown)/I (standard) (3) 


One then calculates the composition by cor- 
recting the k-ratio by the matrix correction 
factors, using one of the two correction pro- 
cedures. The matrix correction must be ap- 
plied to both the standard and unknown, since 
the composition of the standards and the un- 
known are different. The concentration of com- 
ponent i in the unknown is then 


_ {unknown matrix correction factor) 
1 (standard matrix correction factor) (4) 


Ci =k 


Both matrix correction procedures, ZAF and 
9(pz), are generally based on Eqs. (1) and (2). 
Since the composition of the specimen is un- 
known and the terms in Eqs. (1) and (2) are 
compositionally dependent, these equations must 
be solved iteratively until a convergent solu- 
tion is obtained. The difference between the 
various procedures lies in the approximations 
used to calculate the characteristic x-ray e- 
mission and the absorption effect. 


ZAF Corrections 


The ZAF matrix correction procedure is the 
oldest and the most commonly used. Many re- 
searchers have contributed to its development 
over the past 25 years. At the current time, 
work still continues to improve the correc- 
tion.*°"** The ZAF procedure splits Eq. (2) 
into two parts: the fg $(e2) d(pz)} is effec- 
tively the atomic number correction Z and the 
ie exp(-Eoz csc ~)d(pz) is effectively the ab- 
sorption correction. However, the Z and A 
corrections are not calculated by direct inte- 
gration of ¢(pz), but rather by other numeri- 
cal approximations. 

The atomic number effect in a pure element 
bulk specimen is given by 


-p yp? QE) 
Z effect =R = dE7ae dE (5) 
e 


where R is the fraction of backscattered elec- 
trons, E, is the incident beam energy, E, is 
the ionization energy for the characteristic 
x ray of interest, Q(E) is the ionization 
cross section, and dE/d2 is the electron 


loss/unit path length (stopping power) .+3 

The absorption correction is considered to 
be the least accurate approximation in ZAF.?° 
Various approximations for the absorption cor- 
rection are available. Many are numerical 
fits to measured absorption data;**>+* the 
most recent are simple geometric fits to mea- 
sured ratios of Eq. (2) to Eq. (1)."? 

The characteristic fluorescence correction 
is also a result of empirical fits to experi- 
mental data. The correction most commonly 
used today is that of Reed.’® The character- 
istic fluorescence effect is often small, and 
hence uncertainty in the correction usually 
has little effect on the final results, 

The continuum fluorescence correction is 
very small and is typically ignored. *’ Cor- 
rections have been developed** but are not 
usually included in commercially available 
software. 


Emptrteal (pz) Correction 


The ¢ (@z) correction procedure requires di- 
rect integration of the x-ray depth generation 
function. Equation (1) must be integrated for 
each element in the unknown and the standard 
and the ratio of results used in the correc- 
tion. The resulting ratio is essentially an 
atomic-number correction. The generated in- 
tensity is also of value in that it is direct- 
ly used in the correction for x-ray fluores- 
cence. The integral of Eq. (2) divided by the 
integral of Eq. (1) for the standard and the 
unknown yields the absorption correction. Di- 
rect integration of Eq. (2) for the unknown 
and the standard gives the emitted x-ray in- 
tensities, and as such represents both the 
atomic number and absorption corrections. 
(pz) correction procedures available today 
all use direct integration of Eq. (2). The 
fluorescence correction is then applied to the 
¢(ez) result in exactly the same manner as in 
ZAF. Perhaps a better name for this correc- 
tion procedure would be ¢(pz) F. 

In order to integrate $(oz), a mathematical 
expression for its functionality is required. 
Much of the work to date involves exponential 
fits to o(oz).”* *° The most commonly used fit 
is a modified Gaussian function of the form 


y_ - ¢(0) 
y¥ 


The 


exp(-802) | exp[-a? (pz) 7] 
(6) 


where ¢(0) is a parameter describing the gen- 
eration of x rays at the surface (z = 0), and 
a, 8, and y are fitting parameters.*~° The 
values of the four parameters are determined 
by fitting the $(pz) curves. The $(pz) curves 
are obtained either by experiment or by Monte 
Carlo modeling. The four parameters are not 
arbitrary power series fits, but rather ex- 
pressions that depend on several physical fac- 
tors including atomic number, atomic weight, 
overvoltage, backscatter coefficients, cross 
sections, mean free electron path length in 
the target, etc.*~°°!° The two groups most 
active in the area of the development of this 
quantification procedure are the Brown and 
Packwood group in Canada*~® and the Bastin 
group in the Netherlands.’?° The principal 
difference between the quantification approach 


(pz) = rf - 
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taken by each group is the values and expres- 
sions used for the four fitting parameters. 


Experimental Procedure 


The following procedure was used to prepare 
and anlyze the experimental alloys. A series 
of U-Nb alloys (1.32, 1.89, 4.06, 5.87, 7.41, 
12.86 wt% Nb, as determined by wet chemical 
analysis) were homogenized at 850 C for 185 
days and water quenched, All the alloys were 
determined to be homogeneous to within 0.02 
wt% (absolute) by the method described by 
Goldstein.+® The samples were polished 
through 0.06um alumina and carbon coated for 
analysis in a Cameca MBX electron probe micro- 
analyzer. The U Moi and Nb La, lines were 
used in the analysis. PET diffracting crys- 
tals were used for each element. Pure-element 
standards were used to accentuate any error in 
the x-ray intensity data quantification. The 
analyses were performed at 10, 15, 20, 25, 30, 
35, and 40 kV at a nominal beam current of 33 
nA (88 nA for 10 kV). Uranium x rays were ac- 
quired until the total number of counts accumu- 
lated insured a relative counting error of 
less than 0.2%. The total number of U counts 
acquired was over 250 000. The total acquired 
Nb counts varied from approximately 5000 to 
60 000 counts. 

The quantitation was done on a TN2000 run- 
ning Sandia TASK.*? The k-ratio determined 
for each element from each analysis was input 
into the two matrix correction procedures, ZAF 
and ¢(pz). Hence, any discrepancy between the 
results of the ZAF and ¢(pz) corrections would 
be due to the correction procedure and not 
statistical counting errors. 

The ZAF procedure?® incorporated into San- 
dia TASK uses the most current input data and 
accurate correction expressions available in 
the literature. The atomic number correction 
is that of Duncub and Reed.!* The atomic- 
number correction uses the Duncumb polynomial 
exapnsion fit for the electron backscatter co- 
efficient”? and the Berger-Seltzer expression 
for stopping power.*? The absorption correc- 
tion is made by use of Heinrich's modification 
of the Philibert expression.?% The absorption 
coefficients for atomic numbers 2 10 were ob- 
tained by a fourth-order curve fit to Hein- 
rich's data.** The absorption coefficients 
for B, N, 0, and F are from the tabulations of 
Henke and Ebisu.?° The absorption coefficient 
for carbon is that of Bastin and Heijligen.*® 
The characteristic fluorescence effect is cor- 
rected using the method of Reed.*® The 
fluorescence correction uses the emission line 
and absorption edge data from Bearden*’ and 
Doyle.**® Where tabulated data are unavailable, 
the emission lines and absorption edge fits 
are determined by a parameterization equa- 
tion.*? This ZAF correction procedure does 
not treat continuum fluorescence. 

The $(pz) correction procedure is based on 
(pz) expressions due to Bastin.’ The same 
absorption coefficients are used in ¢$(oz) as in 
in ZAF. The ¢(z) software corrects for char- 
acteristic fluorescence with exactly the same 
procedure that is used in ZAF, including the 
use of the same input parameters. Like ZAF, 
¢(oz) does not correct for continuum fluores- 
cence. 
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Results and Discusston 


Table 1 summarizes the results. The error 
shown represents only one standard deviation 
(9) of the total counts. Since these experi- 
ments were specifically designed to investi- 
gate U-Nb alloys, the decision was made to 
make the comparison on the basis of calculated 
composition. For more extensive studies, it 
is recommended that the method of Bastin be 
used, in which calculated and measured values 
of the k-ratio are compared with the use of 
histograms.? 

In all cases, the ZAF procedure underesti- 
mated the actual Nb content. None of the 
analyses measured the correct composition 
within the one standard deviation (lo) error 
bars. The discrepancy between the composition 
calculated by ZAF and the actual composition 
always exceeded 6% (relative). The error in 
the composition determination increased with 
increasing accelerating voltage. This trend 
is reasonable since the electron penetration 
increases at higher beam energies, as does the 
effective absorption path length, so that more 
significant corrections are required. ZAF 
correction procedures have been used success- 
fully for U-Nb alloys when the compositions 
of the standard and unknowns are approximately 
equal.*® Similar compositions of the standard 
and unknown tend to minimize the quantifica- 
tion error, since any correction errors for 
the standard and unknown are almost identical. 

The $¢(pz) correction procedure was far more 
successful at quantifying the data since the 
o(pz) correction simulates the physics of elec- 
tron beam/solid interactions more completely 
and realistically than the ZAF correction. At 
10, 20, 25, 30, 35, and 40 kV, most of the compo- 
sitions calculated by $(pz) match the actual 
compositions within the lo counting error. 

All match within twice the lo counting error. 
However, the values measured at 15 kV are all 
consistently low in Nb content by approximate- 
ly 5 to 6% (relative). The total composi- 
tions measured at 15 kV require that the com- 
position errors should not be due to beam 
fluctuations or uncertainties in the beam en- 
ergy. Currently, the source of the error at 
15 kV is unknown. However, even under the 
worst condition (15 kV), the ¢{ez) correction 
is much more accurate than ZAF. 


Summary 


Two matrix correction procedures, ZAF and 
¢(pz}, have been evaluated for the analysis of 
U-Nb alloys (1.33 to 12.99 wt% Nb) at beam en- 
ergies from 10 to 40 keV. For the use of 
pure-element standards, $(pz) correctly deter- 
mine the composition under most conditions; 
compositions determined by ZAF consistently 
underestimate the Nb content. The ZAF proce- 
dure works adequately for U-Nb alloys only 
with the use of standards with composition 
similar to the compositions of the unknown. 
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TEST OF A BREMSSTRAHLUNG EQUATION FOR ENERGY-DISPERSIVE X-RAY SPECTROMETERS 


J. A. Small, D. E. Newbury, and R. L. Myklebust 


Recently we published an empirical model de- 
scribing the generation of bremsstrahlung 

x radiation as a function of atomic number Z 
of the target, X-ray energy E , and electron 
energy E).'*?* This model was’developed for 
pure element targets excited by 10-40keV elec- 
trons, and was based on fitting a high-quality 
data set where great care was taken to insure 
that the detector was operating properly and 
that the spectra were free from artifacts.3 
The model was determined empirically from a 
large data set consisting of over 4100 x-ray 
intensity measurements which were accumulated 
on a Cameca Electron Probe with a 10mm? United 
Scientific Si-~Li x-ray spectrometer. The 
basic formulation of the equation was that the 
log of the generated bresstrahlung intensity 
I_, is linear in the term In[Z(U - 1)], where 
UY= Ei/E ; and that the fitted line parameters 
slope M and intercept B, are themselves linear 
functions of the beam energy. 


In(1)) = M 1n[Z(U - 1)} +B 
For the large data set, we found that 
M = 0.00599Ey + 1.05, B = 0.0322Eq + 5.80 


The performance of Eq. (1) in predicting 
the experimental intensities over all ranges 
of E and Eo is shown in the histogram of the 
deviation between experimental and predicted 
intensities values, normalized to experimental 
values, in linear (i.e., nonlog) space 
(Fig. 1). This distribution is symmetrically 
centered around zero error with 63% of the 
values falling between +10%. This model was 
determined empirically from data collected on 
a single detector system. 

It is the objective of this work to deter- 
mine the applicability of Eq. (1) to other de- 
tector systems, The testing of the linearity 
in Eo of the slope and intercept requires the 
collection of large data sets at several Epo 
values on the various instruments. An impor- 
tant first step in the evaluation of this mod- 
el, prior to the collection of several large 
data sects, is the testing of the assumptions 
and resulting corrections we used in the devel- 
opment of the model to convert measured x-ray 
intensities to generated intensities.’ In 
this paper, we test the correction of experi- 
mental intensities to generated intensities by 
fitting the Z and E, dependence, which are in- 
corporated in the term containing the natural 
log of Kramers's variable, Z(U - 1), for data 


(1) 


The authors are at the Center for Analyti- 
cal Chemistry, National Bureau of Standards, 
Gaithersburg, MD 20899. To describe adequate- 
ly materials and experimental procedures, it is 
occasionally necessary to identify commercial 
products by manufacturer's name or label. In 
no instance does such identification imply NBS 
endorsement, nor does it imply that the par- 
ticular product or equipment is necessarily 
the best for that purpose. 
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collected on an alternate detector system. 


Expertmental 


To evaluate the various corrections, we 
used a Cameca electron probe equipped with a 
30mm? Tracor Northern Si(Li) detector mounted 
at 40° take-off angle. The database consisted 
of 87 intensity measurements which were col- 
lected at dead-times of less than 15%, on sol- 
id targets with atomic numbers of 22, 26, 33, 
40, 42, and 79. The incident electron energy 
was 20 keV with bremsstrahlung x-ray energies 
selected in the range from 1.5 to 16 keV. 

The energy windows which were selected and the 
data reduction were identical tothe procedures 
used in developing the model and are detailed 
in Ref. 1. We did not collect data on light- 
element targets with atomic numbers below 10 
since the light elements showed anomalous be- 
havior in the original modeling effort. 


Results 


To compare the new database to the model, 
the slope M and the intercept B in Eq. (1) 
were determined from a fit of the experimental 
measurements. The predicted intensities from 
the model were then compared to the measured 
intensities by means of relative-error histo- 
grams. For this work, the relative error is 
defined as the difference between experimental 
and predicted intensities normalized to the 
experimental values. The results of the com~ 
parison (Fig. 2) indicate excellent agreement 
between the model in Eq. (1) and the new data- 
base. The distribution of the error histogram 
is symmetrical around zero error with 87% of 
the errors having values less than +10%. The 
performance of the model applied to this new 
set of data is actually superior to the fit ob- 
tained in the previous work. This result sug- 
gests that the model is independent of the 
choice of energy~dispersive spectrometer sys- 
tem. 


Sources of Error 


Spectral quality must be considered very 
carefully in establishing experimental condi- 
tions for measuring data sets to test our mod- 
el. The x-ray background is usually thought to 
consist of only x-ray bremsstrahlung, but 
there only can be two significant distortions 
to the background as measured on an electron 
column instrument with a Si-Li x-ray spectrom- 
eter: pulse pileup and backscattered electron 
penetration into the detector. 

The first of these distortions arises be- 
cause of the nature of the measurement process 
in an energy dispersive spectrometer (EDS) sys- 
tem. Because the x-ray photons are measured in 
a time serial fashion, the possibility of 
pulse coincidence exists. EDS systems include 
sophisticated circuitry to eliminate spurious 
pulses, which arise from two separate photon 


events arriving at the detector closely spaced 
in time. However, the time resolution of the 
pulse inspection circuitry inevitably has a 
limit, and pulses that arrive at the detector 
spaced closer than this time resolution are 
incorrectly measured. In most EDS measure- 
ments this effect is only readily noticeable 
for characteristic peaks as the so-called 
"double energy" peak located at twice the en- 
_ergy of the parent characteristic x-ray peak. 
However, distortions of the spectrum can arise 
because of coincidence of the characteristic 
peak photons with the bremstrahlung photons 
and the coincidence of bresstrahlung photons 
of various energies. Such an effect can be 
seen in the spectrum in Fig. 3, recorded with 
the Cameca/TN system at a dead time of approx- 
imately 20%, as a shelf, starting at point A, 
of apparent photons extending beyond the 
Duane-Hunt limit. Although the Gaussian ener- 
gy-response function of the detector will dis- 
place some bremsstrahlung photon events that 
lie at or near Ep to an apparent energy above 
Eo, such anaomalous events follow a Gaussian 
shape to zero intensity. The presence of a 
shelf indicates pulse coincidence. The fit of 
our model to a data set collected under these 
conditions produced a broader error distribu- 
tion, with only 71% of the data points within 
+10% of the model. 

The second effect, penetration of backscat- 
tered electrons into the detector, can produce 
severe distortions of the spectral background. 
In the electron microprobes used to collect 
our original data set and the data sets de- 
scribed above, the EDS detector is protected 
from the penetration of backscattered elec- 
trons by the strong magnetic field of the ob- 
jective lens. in examining spectra from EDS 
detectors placed on conventional scanning 
electron microscopes, where the detector op- 
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erates in a low magnetic field that does not 
provide shielding, we have observed substan- 
tial background distortions. An example of 
this effect is shown in Fig. 4. The spectrum 
was first measured with the detector mounted 
in the conventional fashion (Fig. 4a). A 
Magnetic deflector was then attached to the 
snout of the detector, A spectrum measured 
under identical beam and specimen conditions 
showed a significant reduction in the back-~ 
scattered electron contribution to the spec- 
trum (Fig. 4b). 


Conelustons 


For accurate bremsstrahlung modeling and 
subsequent use of quantitation techniques 
based on peak-to-bremsstrahlung ratios, the 
spectra must be recorded with careful atten- 
tion to the detector environment and operating 
conditions to insure that the background is 
predominantly due to x-ray bremsstrahlung. 
have shown that when a data set is properly 
recorded, the Z and Ey dependence in Eq. (1) 
can be used accurately to predict bremsstrah- 
lung x-ray intensities from a second experi- 
mental set-up. This finding suggests that 
Eq. (1) is independent of the energy-disper- 
sive detector system used in the collection of 
the database. 


We 
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A GENERAL CORRECTION FOR FLUORESCENCE FROM CHARACTERISTIC LINES 


K. F. J. Heinrich 


The fluorescence caused by characteristic 
lines was first described in Castaing's the- 
sis;* it is applied in a complete form in the 
program COR,? but in most other procedures the 
abbreviated version due to Reed and Long? is 
used. Both versions describe the fraction of 
radiation absorbed by an element secondarily 
excited by means of the absorption jump ra- 
tios, for which expressions exist for some ab- 
sorption edges only. The version by Reed and 
Long uses simplifications that further re- 
strict the range of applicability. The algo- 
rithm described in this publication permits an 
automatic application of the exact fluorescent 
correction to all situations, without the use 
of the jump ratios. 

In the versions in use at present, the fol- 
lowing terms occur in the final equation: 


[u(ab)/u(*b)] (va - 1)/rq! (1) 


where u(ab) and u(*b) are the absorption 
coefficients for the exciting radiation of 
element b in element a and in the composite 
specimen. The jump ratio rg for a given atom- 
ic level is the ratio of the mass absorption 
coefficients for element a across the ab- 
sorption edge of reference. In the secondary 
excitation at the K level, rg‘ is identical to 
Yq, but in the L and M levels it is the prod- 
uct of all jump ratios between the exciting 
line and the level that flucresces. At the M 
level as many as five jump ratios may be in- 
volved, and normally there are no provisions 
for calculating them; hence, M lines are usu- 
ally neglected in fluorescence calculations. 

The use of the jump ratios dates from the 
time when mass absorption coefficients had to 
be entered manually. Now that every program 
contains algorithms for mass absorption coef- 
ficients, the use of jump ratios is unneces- 
sary. Calling ui and wu? the mass absorption 
coefficients of the absorbing element at the 
high- and low-energy sides of the edge of ref- 
erence, Ep the energy of the exciting line of 
element b, and Eq, the energy of the edge of 
reference of a, we can replace term (1) by 


(u1 - u2)/[u(*b) + (Ep/Eda)*’7] (2) 


as shown in Fig. 1. The power 2.7 is an aver- 
age slope of the logarithms of u vs wavelength 
(or -2.7 for log u vs log E). It can be seen 
that the presence or absence of edges between 
the exciting line‘and the edge emitting the 
line of interest is of no consequence, and 
that u(ab) has also cancelled. By means of a 
simple search program comparing the lines of 
element b with the edge of interest of element 
a, all fluorescence cases of interest can be 
determined and calculated by the usual formula 
modified as shown in (2}. Cases such as that 
of a Ni-Co alloy in which only the Co Ka line 
excites the Ni K level are automatically and 
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correctly treated. 
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FIG. 1.--Energy Eb is that of exciting line 
(element b); Eda is absorption edge of excited 
line of element a; coefficients yp? and u? are 
those at either side of edge Ega, for element 
a. If all absorptions of exciting radiation 
were taking place at energy Eda, absorption 
coefficient would be uo = u(ab) (Ega/Ep)2°7. 
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A SIMPLE CORRECTION PROCEDURE FOR CONTINUUM FLUORESCENCE 


K. F. J. Heinrich 


Corrective procedures for fluorescence excited 
by the continuum have been proposed by 
Henoc*?? and by Springer.? In most analyses 
the effect of continuum fluorescence does not 
exceed a few percent and tends to compensate 
between specimen and standard. However, in 
the case of high-energy primary radiation, 
particularly in a matrix of low average atomic 
number, such as Zn Ko in soft biological tis- 
sues, its neglect in the data-reduction proce- 
dure, may lead to serious errors, By changing 
the integration procedure, eliminating the 
need for sorting edges and entering absorption 
edge jumps, one can simplify the system with- 
out sacrifice in accuracy and use it in rou- 
tine data-reduction procedures. 

The correction for continuum fluorescence 
requires a model for the emission of the con- 
tinuum. Next, the fluorescent effect is cal- 
culated as in characteristic fluorescence. 
However, since the continuous radiation ex- 
tends over a range of photon energies, the 
equation must be integrated over the range of 
the continuum energies that produce fluores- 
cent emission. 

The cited procedures require the sorting of 
all absorption edges above that of the emit- 
ting line, and separate integration for each 
interval between them. Because numerical in- 
tegrations were considered too time-consuming 
in the past, algebraic models were developed 
for the integrations.+** Their use makes it 
difficult to substitute alternate equations 
for the continuum generation, and may lead to 
simplifications that affect the accuracy of 
the procedure. In Henoc's program COR? a nu- 
merical integration replaced the formal inte- 
gration. 

The calculation can be simplified by means 
of a numeric integration over the energy re- 
tion of interest, without consideration of the 
position of the absorption edges. The unit 
interval of the integration steps is a fixed 
fraction of the wavelength interval between 
the operating potential Eq and the energy Ec 
of the excited edge. The effects of the edges 
are implicit in the corresponding x-ray ab- 
sorption coefficients. If the number of inte- 
gration intervals is large enough, the posi- 
tions of the absorption edges within any inte- 
gration step do not introduce errors that are 
significant, or larger than those due to un- 
certainties in other parameters for continuum 
generation. As in the method proposed for 
characteristic fluorescence, * one can replace 
u(a,b)/u(*,b). (ta 7 1)/ra', where u({a,b) and 
u(*,b) are the absorption coefficients for the 
exciting radiation of element b in element a 
and in the composite specimen, by (ui - u2)/ 
[u(*b) + (Eb/Eda)?°7] (where pi and u2are the 
absorption coefficients for the emitting ele- 
ment on either side of the corresponding ab- 


sorption edge}, so that the jump ratios r, and 


Yq' disappear. 
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In the proposed procedure we express wave- 
length in units of 1/eV and photon energy in 
units of eV (rather than keV). Calling N the 
number of steps in the numerical integration, 
we determine a constant wavelength interval 
for each step: 


Ad = [€1/Ec) - (1/Eo)]/N (1) 


where Ec is the critical excitation energy for 
the line of interest and E the operating en- 
ergy (operating voltage}. The mean energy ET 
for step T of the integration is 


1/[AA(T - 2) + (1/Eo)] (2) 
and the energy interval for step T is equal to 


AE = 1/£(4/Eo) + (T- 1).] - 1/[(1/Eg)+ TAA] (3) 


The parameters u and v used in the fluores- 
cenee correction are, as usual, 


uC*Eg)ese ¥/u(*,Ep) 
[3.6 x 107°/E9?*8* - Ee**95)]/u(*, Br) 


where J is the x-ray emergence angle (energies 


Uu 


(4) 


Vv 


in eV!}. We obtain for the emergent fluores- 

cent intensity: N 

Ife = (1/4)CavgPaQy - up) (k/2)Z 2 (Bp/EQ) 77 
T=] 


FLEqx (*a)] [Eo n(l+u) In(1 + v) 
| - {| + he, 05) 
Vv 
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* 
uCED)  LEp 


Here, Cag, pa, and w are the concentration, 
weight of line, and fluoréscent yield of the 
emitting element and line, Z the average atom- 
ic number of the speciment, and k/2 is the 
constant in Kramers's equation. The term 
£{Ex@a)] is formally equal to the primary 
absorption factor corresponding to a critical 
excitation potential equal to Ey, with the ab- 
sorption coefficient of the specimen for the 
emitted radiation p({*,Eag). The following ex- 
pression can be used for the constant k/2: 


u 


R=(21 ~ 0.047307Z + 3.9094x 107"Z2)10°9 ~—_ (6) 


It is easy to replace Kramers's equation by 
other formulas such as that proposed by 
Small.> Ten integration steps in the integra- 
tion are sufficient. Even a small personal 
computer can perform this calculation in a few 
seconds, so that there is no longer any reason 
to exclude the continuum fluorescence calcula- 
tion from the correction procedures. 
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BACKGROUND CORRECTION IN ELECTRON MICROPROBE COMPOSITIONAL MAPPING WITH 
WAVELENGTH~DISPERSIVE X-RAY SPECTROMETRY 


R. L. Myklebust, D. E. Newbury, R. B. Marinenko, and D. S. Bright 


Compositional mapping with the electron micro- 
probe is the technique of creating quantita- 
tive images by carrying out complete quantita- 
tive analysis procedures at every point of a 
scan matrix.? A proper background correction 
is vital if accurate quantitation is to be a- 
chieved for minor and trace constituents. 

The background depends strongly on the composi- 
tion, varying at a particular x-ray energy ap- 
proximately with the average atomic number. 

In conventional single point analysis, back- 
ground correction can be accomplished by sev- 
eral approaches. 


1. The spectrometer(s) can be detuned from 
the characteristic peak to measure the back- 
ground on either side of the peak while the 
beam continues to excite the same region of 
unknown composition that is being analyzed. 

2. On a system with multiple spectrome- 
ters, the background can be measured on one 
spectrometer while the other spectrometers 
are tuned to characteristic x-ray peaks. A 
correction for efficiency is then used to ad- 
just the measured background to these other 
spectrometers. 

3. From an initial calculation of the com- 
position of the unknown, the average atomic 
number can be calculated based on major con- 
stituents. The background can then be mea- 
sured on a pure element with approximately 
this same atomic number, providing no charac- 
teristic peaks of this element occur at the 
wavelengths of interest. Alternately, a sub- 
stantially different atomic number can be used 
for the background measurement with appropri- 
ate scaling based on the average atomic number 
and Kramers's equation, which gives the func- 
tional dependence of the x-ray bremsstrahlung 
on atomic number .? 


For the analysis procedures of compositional 
mapping, the background problem is exacerbat- 
ed by the sheer number of analytical data 
points involved, namely the n x n product of 
the scan matrix, where the background may dif- 
fer significantly from point to point. Swyt 
and Fiori, Marinenko et al.* and Myklebust* 
have described instrumental methods for back- 
ground correction in compositional mapping 
that make use of scanning a background matrix 
map in a manner analogous to the second of the 
three procedures described above. The diffi- 
culty with such methods is the time-intensive 
nature of such a process. Since most instru- 
ments have a small number of wavelength-dis- 
persive spectrometers, e.g., three or fewer, 
the necessity of devoting a spectrometer to a 
background channel means a significant loss of 
analytical information or an increase in the 
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time spent in completing a compositional map. 
Baekground Correction Without Scanning 


When the situation is examined in detail, 
we can demonstrate that it is not in fact nec- 
essary to scan a background map. For charac- 
teristic x rays, the x-ray intensity at any 
point in the scan matrix on a flat specimen 
can vary for either of two reasons: the compo- 
sition of the specimen may vary or the spec- 
trometer may defocus because the beam has been 
scanned sufficiently far off the optic axis of 
the spectrometer. As the magnification is 
progressively reduced and the scanned area is 
made larger, the second of these effects pre- 
dominates. For example, a 50% peak intensity 
loss is observed from the center to the edge 
of an 0.5 x 0.5 mm scan field (200x) in a typ- 
ical instrument. However, the spectral back- 
ground, which consists mostly of the x-ray 
bremsstrahlung, is a slowly varying function 
with wavelength, except in the region of an 
absorption edge. The strong defocusing effect 
observed with characteristic x rays that are 
sharply peaked thus becomes negligible for the 
background. This observation is demonstrated 
in Fig. 1, which compares a standard map re- 
corded with a scanned field of 0.5 x 0.5 mm 
(200x) for a characteristic peak (Fig. la) and 
a background region (Fig. 1b) obtained by de- 
tuning the spectrometer off the peak to a 
nearby background wavelength. In order to be 
sure that sufficient background counts were 
recorded in the background map to observe any 
defocusing effects, the beam current and the 
pixel dwell time were increased to accumulate 
a total of approximately 500 counts per pixel. 
A line trace across this background map re- 
veals that the defocusing effect is less than 

% across the image, compared to the peak map, 
where the defocusing results in a drop of more 
than 50% in the intensity. 


Background Correction in Images Based on 
Average Atomte Number 


Although spectrometer defocusing is not a 
significant problem when an image is corrected 
for the background, there remains the very im- 
portant problem of correcting for the varia- 
tion in the background with the average atomic 
number of the unknown. We propose that a 
suitable background correction for composi- 
tional images can be developed as follows, in- 
corporating the compositional mapping proce- 
dure described previously. 

1. <A background reading is taken for each 
wavelenth spectrometer (A,B,C, etc.) with the 
beam fixed on a particular element Z, which is 
not found in the specimen. 

2. The characteristic peak maps are then 
recorded for the unknown, with correction for 
defocusing by any of the four possible meth- 
ods: stage scanning, crystal rocking, stan- 
dard mapping, or peak modeling. 
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FIG. 1,--Defocusing effects for scan field of 0.5 x 0.5 mm on (a) TiK characteristic peak and 
(b) nearby background channel; apparent contrast in background map has been enhanced. Line 
trace along vector A-B is shown for each intensity map. Vertical scale is in x-ray counts. 
FIG, 2,.--Compositional maps for aluminum-copper eutectic alloy: (a) aluminum; (b) copper; 

(c) scandium, with constant background correction based on measurements on carbon; (d) scan- 
dium, with variable background correction based on average atomic number calculated from prin- 
cipal constituents. 
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3. Quantitative analysis is performed at 
each pixel with ZAF matrix corrections or al- 
pha coefficients. In this first quantitative 
calculation stage, the measured background on 
Z, is used for background subtraction. 

4. Based on the major constituents deter- 
mined in this analysis, the average atomic 
number (''Z-bar") is calculated at each pixel 
(forming a "Z-bar map''). 

5. This Z-bar map is used to calculate a 
background map appropriate to each spectrome- 
ter, by use of the calculation (Z-bar/Z,) x 
BKGZ, based on Kramers$'s relation, where BKGZ, 
is the background measured with that spectrom- 
eter on element Z,.? 

6. The quantitation is now repeated with 
the background at each pixel taken from the 
background maps. 


If necessary, this procedure could be re- 
peated in an iterative fashion, but the ini- 
tial estimate of the average atomic number 
from the quantitative analysis of the major 
constituents is sufficiently accurate to give 
an accurate background correction. 


Testing and Application 


As a test of the accuracy of this method, 
images were prepared for a eutectic alloy of 
aluminum and copper, which was characterized 
by a fine lamellar structure. Two spectrome+ 
ters were assigned to the Al and Cu charac- 
teristic peaks; the third spectrometer record- 
ed the signal at the wavelength for scandium, 
which is not present in the specimen. Back- 
ground readings were taken for all three spec- 
trometers on carbon. The initial quantitation 
was performed with the carbon background read- 
ings for the measured Al and Cu intensities. 
The quantitative compositional maps for Al and 
Cu are shown in Figs. 2(a) and (b). (In ail 
the images in this paper, higher concentra- 
tions are indicated by gray levels on the 
white end of the scale.) Despite the lack of 
scandium in the specimen, the calculated scan- 
dium map (Fig. 2¢) shows an apparent segrega- 
tion of scandium in the copper-rich phase. A 
Z-bar map was then calculated from the concen- 
trations for Al and Cu. From this Z-bar map, 
background maps were calculated for all three 
spectrometers. The calculated background map 
for the third spectrometer was then subtracted 
from the scandium signal map, and the quanti- 
tation was repeated, with the result shown in 
Fig. 2(d). The apparent compositional struc- 
ture visible in the scandium map corrected 
with a constant background (Fig. 2c) is com- 
pletely eliminated in the scandium map cor- 
rected with a variable background calculated 
from the average atomic number (Fig. 2d). The 
maximum concentration represented in Fig. 2(d) 
is 0.08%, which represents the limit of detec- 
tion for scandium under the conditions used 
for this compositional map (20 keV, 17 nA, 2s 
integration time, 128 x 128 scan matrix, 2000 
diameters magnification). 

As an example of an application of the 
method to a practical problem, consider the 
compositional mapping of the aluminum wire-- 
iron screw electrical junction that has under- 
gone failure while in service.° Figures 3(a) 
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and (b) show the distribution of aluminum and 
iron at the reaction zone associated with the 
failure. A map for zinc with a constant back- 
ground correction is shown in Fig. 3(c), with 
a high degree of contrast expansion applied. 
In addition to the zinc-rich region in the up- 
per right of this image, there is apparently 
more zinc in the iron-rich region of the spe- 
cimen (0.45 wt%) than in the aluminum-rich re- 
gion (0.35 wt%). However, after correction 
with the variable background based on average 
atomic number (Fig. 3d), the true situation is 
found to be reversed, with zinc at 0.30 wt% in 
the aluminum-rich constituent and 0.05 wt% in 
the iron-rich region, which is at the detec- 
tion limit. 

For calculating compositional maps, the 
correction of background by the average atomic 
number method gives significantly improved 
performance and efficiency over the methods 
previously utilized. Further testing is need- 
ed to describe fully practical detection lim- 
its. Additional improvements in accuracy can 
be expected by incorporation of a more accu- 
rate background equation for better modeling 
of the atomic-number dependence of the back- 
ground. ® 
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FIG. 3.-- Compositional maps for failed electrical junction between an aluminum wire and a 
steel screw: (a) aluminum; (b}) iron; {c) zinc, with constant background correction based on 
measurements on carbon; contrast has been artificially enhanced to make low concentration lev- 
els visible; (d} zincwith variable background correction based on average atomic number calcu- 
lated from principal constituents; contrast has been artificially enhanced, 
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DIGITAL X-RAY MAPPING AT LOW MAGNIFICATION WITH THE USE OF WAVELENGTH-DISPERSIVE 
TECHNIQUES IN ELECTRON-PROBE MICROANALYSIS 


P. K. Carpenter 


Low-magnification compositional mapping by 
digital image-processing techniques has become 
an increasingly important tool in electron- 
probe microanalysis. Previously, energy-dis- 
persive spectrometers (EDS) have been used to 
acquire digital x-ray maps because they can 
collect counts for many elements simultaneous- 
ly and thus allow for rapid acquisition of 
data. EDS detectors also lack the serious de- 
focusing problems that have prohibited the use 
of wavelength-dispersive spectrometers (WDS) 
at magnifications below about 1000x, and as a 
consequence nearly all low-magnification map- 
ping is done by EDS. However, WDS detectors 
have a higher peak-to-background ratio and are 
necessary for use in situations where one is 
studying samples in which compositional varia- 
tions are smali and/or concentration levels 
are low. Use of WDS for detailed mapping at 
magnifications as low as 100x requires a tech- 
nique that corrects for defocusing and allows 
quantitative calculations to be made at each 
pixel location in the digital image. The ul- 
timate goal is to acquire digital composition- 
al maps for both sample and standard, followed 
by caiculation of k-ratios at each pixel and 
final correction of the k-ratios by ZAF (or 
other appropriate method) to concentration 
units. This procedure results in a complete 
chemical analysis at each pixel in the image 
and provides quantitative information about 
the spatial distribution of elements in a 
sample. 

Wide-area compositional mapping can be ac- 
complished in two ways. On microprobe systems 
equipped with stage automation, digital x-ray 
images can be acquired if the stage is posi- 
tioned to each pixel position and all spec- 
trometers are counted. This approach avoids 
the problem of WDS defocusing by moving the 
sample rather than rastering the electron 
beam, and has been used to produce detailed 
digital maps. However, stage positioning er- 
rors can produce artifacts in the image, and 
commercially available software packages typi- 
cally are not set up for stage mapping. The 
second method is digitally to position the 
electron beam on the sample, count all spec- 
trometers at each pixel location, and make a 
correction for WDS defocusing. More recent at- 
tempts to acquire low-magnification x-ray maps 
have assumed that the WDS defocusing is iden- 
tical for both sample and standard, so that im- 
ages acquired on both could be used to obtain 
k-ratios for subsequent calculations.?°3 This 
approach requires that the sample and standard 
have precisely the same x-ray peak shape, which 
may not be a valid assumption for low-atomic- 
number elements where variations in peak posi- 
tion and shape are observed among different 
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compounds containing the element of interest. 
Also, because the count rate approaches zero 
away from the focused zone of the WDS detec- 
tor, this method should be restricted to mag- 
nifications higher than 400x, so that counts 
can be obtained throughout the image area. 
Because fewer counts are acquired on both the 
sample and standard away from the focused zone, 
there is an increase in the counting error 
which is propagated through subsequent calcu- 
lations to produce a larger error in concentra- 
tion. As will be shown, satellite lines and 
other x-ray peaks proximal to the line of in- 
terest are another problematic artifact that 
must be dealt with in image interpretation. 

The technique discussed in this paper is de- 
signed to acquire digital x-ray maps by WDS at 
magnifications as low as 100x. This goal is 
accomplished by simultaneous scanning of the 
WDS spectrometer over the x-ray peak to main- 
tain spectrometer focus while the electron 
beam is digitally positioned during image ac- 
quisition. The images acquired by this tech- 
nique are free of artifacts such as satellite 
lines. 


Instrumentatton and Techniques 


This work was performed on a JEOL JXA-733 
Superprobe equipped with three WDS spectrome- 
ters, a Tracor Northern TN-5500 EDS x-ray 
analyzer, and a TN-5600 stage and spectrometer 
automation system. The microprobe is equipped 
with a TN-5700 image analysis system which con- 
trols digital beam positioning and is used for 
the acquisition, processing, and storage of 
video and x-ray images of up to 512 x 512 pix~- 
el size. The 733 Superprobe is outfitted with 
a scan rotation module which is used to orient 
the electron beam scanning direction during 
digital mapping. The author modified the Tra- 
cor Northern IPA57 software package on the TN- 
5700 to control WDS spectrometer scanning by 
reference to the low-magnification x-ray pho- 
tography subroutine from the Tracor Northern 
TASK microanalysis program. 

Preliminary work was carried out on pure 
metalstandards with the use of 128 x 128 and 
256 x 256 pixel x-ray maps to evaluate the 
technique; several 512 x 512 maps were used to 
study natural samples. An accelerating volt- 
age of 15 kV, beam current of 10-20 nA, and 
pixel dwell times of 10-70 ms were used. 

Each WDS spectrometer has a setting for the 
scan rotation of the electron beam that corre- 
sponds to the axis of curvature of the analyz- 
ing crystal. The operator determines the cor- 
rect scan rotation setting by acquiring digital 
x-ray maps in which the focus band is oriented 
horizontally; this setting is used for all sub- 
sequent images. The next step is to calculate 
the total deviation from the normal spectrome- 
ter peak position that is required to keep the 
spectrometer in focus as the beam is rastered 
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across the sample. The theoretical basis for 
this calculation has been previously de~ 
scribed, ® and the deviation is calculated from 
the following equation for a JEOL 733 Super- 
probe: 


OF = Y(sin $)v1 - sin?8/sind 


where OF is the deviation from the peak posi- 
tion in mm, Y = 50/M is the lateral offset on 
the sample in mm, M is the magnification, and 
@ is the take-off angle. For the 733 Super- 
probe sin 6 = P/280, where P is the peak posi- 
tion in mm. The spectrometer is scanned 
through the range 20*F during digital image ac- 
quisition, and through software control the 
peak scan and image acquisition are synchro- 
nized. 


Discussion of Results 


The true test of any method which attempts 
to correct WDS defocusing is to collect x ray 
intensity maps on pure-element standards that 
are free of intensity variations. Maps were 
acquired on pure silicon and iron standards by 
use of WDS spectrometers equipped with TAP, 
PET, and LIF analyzing crystals (Figs. 1 and 
2). No background correction was necessary 
due to the high peak-to-background ratio on 
these pure-element standards. The uncorrected 
intensity maps collected at 100x illustrate 
that intensities drop off to zero away from 
the focus zone (Figs. IA, 1D, and 2A}. These 
uncorrected images also show secondary inten- 
sity bands, especially developed on the spec- 
trometers with TAP and LIF crystals, that are 
produced by satellite peaks and the a1 a2 
characteristic doublet. Such artifacts are 
undesirable, since they could be interpreted 
as enriched concentrations in uncorrected WDS 
maps. 

The focus-corrected intensity maps collect- 
ed by synchronous peak scanning during digital 
image acquisition indicate that there is a 
minimum variation in intensity at 100x magni- 
fication, and suggest that this approach 
should be successful for general mapping pur- 
poses. The absence of artifacts in the cor- 
rected intensity maps is especially desirable, 
and gray-level histograms of these images are 
characterized by a normal distribution result- 
ing from random x-ray production alone, rath- 
er than the bimodal distributions seen on un- 
corrected maps having satellite bands of lower 
intensity. 

This method was applied to investigate 
trace element variations of Hf in a zircon 
[(Zr,H£)5Si0,] grain, which is characterized 
by oscillatory zoning. This zoning is known 
from previous work to result from variations 
in Hf concentration below the 1 wt% level, and 
is illustrated in a backscattered-electron im- 
age in Fig. 2(C). A focus-corrected Hf x-ray 
map was acquired over a 10h period to document 
variations in this element. The focus-cor- 
rected WDS map clearly illustrates the compo- 
sitional variations in Hf, whereas a simultan- 
eously acquired EDS map for Hf showed only 
background counts. 


Sampling Constderattons 


Digital compositional maps acquired at low 
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magnification are subject to a sampling bias 
based on the relative sizes of the analytical 
volume where x rays are produced and the pixel 
dimension at that magnification. The minimum 
x-ray production volume is probably no less 
than 1 wm in diameter, so that the sample is 
overscanned if a digital image format of 512 

x 512 or 1024 1024 pixels is used. The upper 
limit on the spatial resolution of digital x- 
ray images is thus about 1 um per pixel. Con- 
versely, one should use a defocused beam when 
acquiring digital x-ray maps with a size for- 
mat of 64 x 64 pixels or smaller, because the 
pixel size may be considerably larger than the 
x-ray volume of the focused beam. One should 
estimate and set the x-ray volume by varying 
the beam diameter to match the pixel size in 
order completely to sample the material being 
investigated. For this reason one must use an 
optimum magnification that adequately samples 
the scale of chemical variations and covers as 
much area of the sample as to be comprehensive. 


Conetuston 


The problem of WDS defocusing can be solved 
by simultaneously scanning over the x-ray peak 
on the spectrometer during digital image ac- 
quisition. The electron-beam scan rotation 
setting is used to orient the scan direction 
for each WDS spectrometer. Focus-corrected 
intensity maps acquired by this method are 
free of artifacts and indicate that the method 
is desirable for investigation of samples for 
low-magnification compositional mapping. The 
relative sizes of the analytical volume and 
the image pixels must be closely matched dur- 
ing image acquisition for best sampling of the 
material being studied. 
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FIG. 1.--Digital x-ray maps (256 <x 256 pixels} on TAP and PET spectrometers: (a) 100x Si map 
on pure Si metal, TAP spectrometer; note defocused main and secondary satellite peak bands. 

(b) Scan rotation orientation for TAP spectrometer used for map acquisition. (c) Focus- 
corrected Si x-ray map taken on pure Si metal, TAP spectrometer at 100x and 1000s accumulation 
time. (d) 100x Si map on pure Si metal, PET spectrometer; note defocusing. (e) Scan rotation 
orientation for PET spectrometer. (f) Focus-corrected Si x-ray map taken on pure Si metal, PET 
spectrometer at 100x and 1000s accumulation time. 
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FIG. 2.--Digital compositional maps: {a} WDS defocus image and scan rotation setting for LIF 
spectrometer on pure Fe at 100x magnification (256 x 256 pixels). Double band results from 
presence of aja doublet on x-ray peak. (b) Focus-corrected x-ray map for pure Fe on LIF spec- 
trometer at 100x with accumulation time 1000 s (256 x 256 pixels). {(c} Digital backscattered- 
electron image of zircon grain at 260x (512 x 512 pixels}. Oscillatory zoning is due to Hf 
variations below the 1% level. (d) Focus-corrected Hf x-ray map on zircon grain using LIF 
spectrometer at 260x accumulated over 10h period {map is 512 x 512 pixels and pixel dwell time 
is 0.07 s/pixel). 
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APPLICATIONS OF COMPOSITIONAL MAPPING IN MATERIALS SCIENCE 


Dale E. Newbury 


Electron probe microanalysis has been tradi- 
tionally applied to the solution of problems 
in materials science through the combined use 
of several modes of operation. Quantitative 
analysis with full corrections for deadtime, 
background, standardization, and matrix cor- 
rections is performed at individual points 
selected by the analyst. These point analyses 
are supported by line scans of signal inten- 
sity across features, by x-ray area scans that 
produce images giving a qualitative impression 
of the lateral distribution of elemental con- 
stituents, and by scanning electron microscope 
(SEM) images prepared with the backscattered 
electron (BSE) signal, which is sensitive to 
compositional differences. 

Over the past several years, the develop- 
ment of the technique of compositional mapping 
by electron probe microanalysis has resulted 
in new capabilities for the analyst.*~* Com- 
positional mapping involves the use of ad- 
vanced computer techniques for control of the 
electron probe to record the x-ray intensity 
over the scanned area for each constituent of 
interest. These intensity matrices can be 
converted to compositional matrices by appli- 
cation of the full calculation sequence of 
conventional quantitative analysis at each 
point in the scanned matrix. Signals from 
both energy-dispersive and wavelength-disper- 
Sive x-ray spectrometers can be used. Because 
of the greater peak-to-background and the 
higher characteristic x-ray count rates that 
can be obtained with wavelength-dispersive 
spectrometers, this type is preferred when 
minor (1-10 wt%) or trace ( 1 wt%) constitu- 
ents are to be mapped. The numerical values 
of the composition that result from this pro- 
cedure can be converted into a gray scale for 
display on a video monitor. With a suffi- 
ciently large digital scan density, 128 128 
or more, the display of the compositional data 
with gray-scale or color encoding produces an 
image with an extraordinary amount of detail. 
These images, or compositional maps, are sup- 
ported at every pixel location by stored val- 
ues of the concentrations for all constituents 
measured. The analyst thus has available the 
powerful combination of an image that is much 
richer in detail than a conventional x-ray ar- 
ea scan and the quantitative analytical values 
available for interrogation at any desired 
point, along any vector, or over any specified 
area. 

In this paper examples are given of appli- 
cations of the technique of compositional map- 


The author is with the Center for Analyti- 
cal Chemistry, National Bureau of Standards, 
Gaithersburg, MD 20899. The materials science 
problems which provided the stimulus for this 
work were kindly provided by his colleagues, 
S. Greenwald, D. B. Butrymowicz, and C. Hand- 
werker (NBS), and H. Lecthman (MIT). 


33 


ping to problems in materials science. These 
problems have been selected to illustrate 
some of the new capabilities made possible by 
compositional mapping. 


Deteetton of Composittonal Contrast 


This first discussion concerns the most ob- 
vious application of compositional mapping, 
namely the detection of compositional contrast 
in images. We note at the outset that the ob- 
jective is not to supplant SEM/BSE images for 
this purpose, but rather to augment the capa- 
bility for compositional imaging. The signal 
strength of the electron image is approximate- 
ly 10 000 times stronger than the x-ray map- 
ping signal. However, the uSE image lacks the 
elemental specificity to determine what con- 
stituent 1s being imaged. Moreover, although 
BSE detectors are now available that claim 
contrast sensitivity to a level of 0.1 atomic 
number units, this sensitivity is only present 
for low-atomic-number targets. Even then, it 
is doubtful that variations in minor and trace 
elements would produce sufficient contrast to 
be detected. 

An illustrative example (Fig. 1) shows com- 
positional maps for (a) aluminum, (b) iron, 
and (c) copper at the interface of an aluminum 
wire/steel screw (brass coated) electrical 
junction from a household receptacle that has 
failed." The several compositional regions 
visible include the nearly pure aluminum and 
iron end members of the couple, as well as two 
regions of intermetallic compound that have 
formed as part of the failure mechanism. To 
enhance the visibility of the intermetallic 
regions, the image contrast has been artifi- 
cially enhanced in the iron image. Quantita- 
tive analysis revealed these intermetallic re- 
gions to be FeAl3 and Fez2Als at the maximum 
limit of aluminum solubility for these phases. 
The change in aluminum concentration between 
the phases is approximately 8 wt%, as shown in 
the quantitative line trace along the vector 
A-B in Fig. l(a). The difference in average 
atomic number between these phases is approxi- 
mately 1 unit, which should make the differ- 
ence visible by BSE/SEM imaging. The trace 
copper constituent, which is easily seen in 
the compositional map shown in Fig. l(c), is 
found to be segregated to the aluminum-rich 
region at a level of approximately 0.7 wt%. 

It would not be possible to detect the con- 
trast produced by such a trace component in a 
BSE image, even if a pure-aluminum reference 
region were present in the field of view. 

A second example of the utility of composi- 
tional mapping for imaging structures that 
would be difficult to observe by SEM/BSE is 
shown in Fig. 2. The structure here is a com- 
plex heavy-metal alloy containing gold and 
platinum family metals from a pre-Hispanic ar- 
tifact found in the Pacific lowlands of Ecua- 
dor.° Compositional maps with traces along 


the vector A-B for (a) platinum, (b) osmium, 
and (c) iridium reveal that the platinum forms 
a discontinuous phase while the osmium is 
present in the continuous phase. Iridium is 
present in the discontinuous phase, but within 
this phase it has formed a discontinuous pre- 
cipitate. The compositional maps directly re- 
veal the complex nature of these structures. 
Conventional dot mapping would be of little 
use in this case because of the small changes 
in iridium concentration within the discontin- 
uous phase and the high bremsstrahiung back- 
ground that results from the high average 
atomic number of the phases. 


Mapping at Low Coneentratton Levels 


In conventional x-ray area scanning (dot 
mapping) with recording directly onto filn, 
the lowest concentration levels that can be 
mapped are of the order of 5 wt%, and even 
then visibility is usually hampered by high 
background noise. With proper background cor- 
rection, concentration levels below 0.1 wt% 
can be achieved by compositional mapping. °® 
(For the specimen compositions that produce 
inherently low spectral background due to low 
atomic number, Fiori et al. have demonstrated 
mapping below 0.01 wt%.”) An example (Fig. 3) 
is the phenomenon of diffusion-induced grain 
boundary migration (DIGM) in the copper-zinc 
system.® The zinc constituent is mapped over 
the range 0-10 wt%;\ various portions of the 
boundary that migrated show concentrations 
above 2 wt%. A boundary in the lower portion 
of the image only accumulated approximately 
0.2 wt% of zinc and did not undergo mipration. 
This low level of concentration is easily seen 
against the background because of accurate 
background subtraction. 


Mapping Snall Changes in Concentration 


Conventional dot mapping is severely limit- 
ed in its sensitivity to small contrast chang- 
es relative to high fixed levels of the con- 
stituent being mapped, which would produce a 
high background level of dots. Compositional 
mapping techniques can accommodate this prob- 
lem through the use of a variety of image-pro- 
cessing algorithms that can be applied to the 
compositional data after quantitative calcula- 
tions to enhance the visibility of the concen- 
tration levels of interest. An example of 
this sort was encountered in a study of the 
DIGM phenomenon in the silver-gold system. ? 

In this case, the boundary migration occurred 
with concentration changes in the silver of a- 
bout 8% above a matrix level of 65%. In order 
to view this modulation in the composition, 
the image enhancement technique of "black-lev- 
el processing" was applied. A static concen- 
tration level is first subtracted from the 
data, and then the remaining intensity above 
this level is enhanced to the full dynamic 
range of the display. The resulting image for 
the silver constituent, clearly shows the re- 
gion in which DIGM has occurred (Fig. 4). 


Finding the Unexpected 


Probably the most exciting thing about com- 
positional maps is the opportunity to recog- 
nize phenomena that might have been otherwise 
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missed with conventional analysis procedures. 
Although the quality of an analysis at a sin- 
gle pixel in a compositional map typically 
lacks the statistical significance and detec- 
tion limit of a conventional single-point 
analysis, for which 10 to 100 times more 
counts can be accumulated, the juxtaposition 
of many analytical points to form an image nev- 
theless often reveals new information. The 
final example (Fig. 5) demonstrates this ef- 
fect. The problem is again diffusion-induced 
grain boundary migration in the Cu-Zn system. 
Figure 5(a) shows a zinc compositional map for 
which the highest concentrations are approxi- 
mately 2 wt%. The corresponding copper compo- 
Sitional map is ‘shown in Fig. 5(b) after con- 
trast expansion by the black-level processing 
procedure. A surprising effect is observed in 
the copper ahead of the region of zinc enrich- 
ment, as confirmed by the use of color overlay 
techniques for positional analysis. The cop- 
per is seen to be depleted below the level 
that exists in the DIGM region. This missing 
mass was eventually confirmed to be oxygen 
through the use of an ion microscope. The ox- 
ygen appears to be involved with the diffu- 
sional process ahead of the boundary where the 
zinc has migrated. Critical to this observa- 
tion was the capability for contrast expansion 
of the x-ray compositional map. 

Compositional mapping provides a useful new 
tool for the materials analyst, as these ex- 
amples demonstrate. Further advances in the 
technique will probably be stimulated in great 
measure by the experience gained in applying 
compositonal mapping to specific challenging 
problems from many fields. 
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FIG. 1.--Compositional maps of failed electrical junction between aluminum wire and brass- 
coated steel screw: (a) aluminum, with compositional trace along vector A-B, 50-70 wt% Al; 

(b) iron, contrast-enhanced to emphasize different phases; (c) copper, with compositional trace 
along vector A-B, 0-2 wt% Cu. Field width for all images: 500 um 

FIG. 2.--Compositional maps of pre-Hispanic gold/platinum alloy: (a) platinum, compositional 
trace A-B, 0-100 wt%; (b) osmium, compositional trace A-B, 0-10 wt%; and (c) iridium, composi- 
tional trace A-B, 0-20 wt%. Field width for all images: 50 um. 
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FIG. 3.--Compositional map of zinc at grain boundaries of polycrystalline copper after diffu- 
sion-induced grain boundary migration. Concentrations of zinc from 0-10 wt% are displayed 
(gray-scale bar}. Field width: 100 um. 

FIG, 4.--Compositional map of silver in silver-gold alloy. Image has been enhanced by black- 
level processing. Ag concentration in boundary, 73%; matrix, 65%. Field width: 50 um. 

FIG. 5.--Compositional maps of (a) zinc, maximum concentration 2 wt%, and (b) copper, enhanced 
by black-level processing. Field width: 50 um. 
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HIGH-SPEED MAPPING AND DATA~PROCESSING SYSTEM FOR EPMA 


Kiyohiro Kohara, Fukuo Zenitani, Tetsuo Kajikawa, and Hiroyoshi Soezima 


We have recently developed a high-speed map- 
ping system (H-system) that dynamically con- 
trols an electron-probe microanalyzer (EPMA), 
collects various signals (such as secondary 
electrons, backscattering electrons, specimen 
current, x ray, cathode luminescence, and 
others} by means of either beam scanning or 
stage scanning in two dimensions at a very 
high speed, and displays processed data in 
real time. We have also developed a scanning 
image processing system (SIPS) that permits 
highly sophisticated image analysis of the ar- 
ea data transferred from this H system or di- 
rectly from the EPMA unit on an on-line basis. 
Both the data collection and the real-time 
display for the H system are performed so rap- 
idly that it only takes 10 s at the most for 
beam scanning of one frame of 512 x 512 pic- 
ture elements, at a rate of 10 mm/s for 1 um 
stepwise stage scanning. As to the processing 
contents of the SIPS, almost all the require- 
ments for the scanning image and material are 
contained in the system. Moreover, the system 
can be connected to various types of scanning 
microanalyzers (Auger electron microanalyzer, 
ion microanalyzer, etc.) besides the EPMA 
without special modification. 


System Configuration 


Figure 1 shows the overall configuration of 
the system; Fig, 2, an external view. Since 
the main EPMA unit incorporates microcomput- 
ers,?’?* a simple control command via RS232C 
from the host computer can execute operation, 
signal detection, processing, and display for 
the electro-optical system, x-ray spectrome- 
ter, and specimen stage. 

The H system comprises a digital scan con- 
verter (DSC),°°* a color controller, and a 
color CRT. The electron signals or x-ray sig- 
nals are accumulated as image information in 
the DSC, and this information is displayed on 
the color CRT after real-time processing by 
the color controller. 

The DSC consists of an image memory and a 
control unit, which is equipped with an image 
of 512 x 512 x 16 bits. In the data collec- 
tion by primary beam scanning, the image sig- 
nal from the EPMA synchronizes with this beam 
scanning and is written in the image memory 
after A/D conversion at a high speed. As to 
the x-ray signal, frame integration up to 1000 
times can be made, since a 16-bit is alloted 
to each image element. In the x-ray signal 
collection by means of the specimen scanning, 
data are written in an image memory address 
corresponding to the position of the specimen 
stage. The contents of the image memory is 
being continuously output at a TV rate. The 
color controller, which contains a provision 
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for generating a color-monitor display in 
freely tinted pseudo color, comprises a con- 
version table used with a 16-bit microproces- 
sor and a high-speed RAM. In the conversion 
table (64k words}, each 16 color mixture com- 
prising R (red), G (green), and B (blue) is 
converted into 4096 colors based on the digi- 
tal output signal of the DSC, and output in 
the monitor CRT. The time consumption has 
been greatly improved by the adoption of the 
table system, compared with the system in 
which the contents of a display memory are 
modified. 

The system is capable of freely combining 
the table contents; for example, discrimina- 
tion of color by density can be easily per- 
formed, For. the color CRT, a 60Hz noninter- 
laced CRT with a 31.25kHZ horizontal deflec- 
tion frequency and 521 total scanning lines is 
used. 

The stage controller drives the specimen 
stage and transfers measured data to the mem- 
ory in a specified sampling time, scanning an 
analysis region. The time loss resulting from 
acceleration or deceleration is canceled be- 
cause the driving speed is specified by the 
measuring range, overall data points, and in- 
tegration time for all data in the case of the 
Stage drive. 

As for the data collection, image process- 
ing and display, the microprocessors, which 
are incorporated independently for performing 
each of these functions, engage in parallel 
operation; overall analyzing time is thus 
shortened, which enables the color mapping 
method to perform so easily as other analysis 
methods for EPMA in the routine analysis 
through the application of this system. In 
the case of highly sophisticated image pro- 
cessing, data are transfered to a host comput- 
er by means of DMA {direct memory access). 

The SIPS,°’® is a computer system that dy- 
namically controls EPMA by means of a 32-bit 
super minicomputer, Micro VAX II (DEC), imme- 
diately processes or analyzes the mapping im- 
age, and checks the diffusion of several ele- 
ments or a specific quantity of an element in 
a specimen while collecting data, besides the 
conventional element analysis. The mapping 
data are directly filed in a magnetic disk of 
the computer which controls the main EPMA 
unit. In the application of the H system, the 
time required for data collection is consider- 
ably shortened, and the collected mapping data 
are filed in the magnetic disk at a high 
speed. The collected data can be also copied 
and stored in a compact magnetic tape with 
large capacity (90 Mb). 

Two types of special terminals, one for 
analysis and the other for image processing, 
are available for the SIPS (Fig. 3). Qualita- 
tive analysis, line analysis, and ZAF calcula- 
tion, as well as mapping data collection in 
several visual fields on several test samples 
can be performed on the analysis terminal, 
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while the EPMA is controlled in a previously 
established analysis condition. Processing 
and analysis on the mapping data obtained via 
the EPMA or the H system are performed on the 
image processing terminal, 

According to the purpose, the image can be 
sequentially analyzed and its result can be 
output on an image display terminal. (It has 
a resolution of 1024 x 1280 and. is capable of 
displaying 16.6 million colors.) 

The image processing and image analysis 
functions are provided as independent com- 
mands (Fig. 4). Figure 5 shows an output ex= 
ample of an H system. 
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A STATISTICAL EVALUATION OF WAVELENGTH-DISPERSIVE DIGITAL 
COMPOSITIONAL MAPPING WITH THE ELECTRON MICROPROBE 


R. B,. Marinenko, D. £. Newbury, R. L. Myklebust, and D. S. Bright 


We previously reported on two different proce- 
dures to quantitate digital maps taken with 
wavelength-dispersive spectrometers (WDS) on 
the electron microprobe.+>* They are the 
Standard Map and the Defocus Modeling proce~ 
dures, which are used to correct for spectrom- 
eter defocusing in low-magnification maps (a 
scanned area exceeding 50 x 50 um). When dig- 
ital maps are taken, optional parameters such 
as the number of pixels and the x-ray accumu- 
lation time per pixel are left to the judgment 
of the experimentalist. The selection of 
these parameters is in turn related to the 
magnification, the extent of detail being 
studied, and the concentrations and resulting 
count rates observed for each element. We 
have begun a study of compositional mapping 
parameters to assist us in evaluating and op- 
timizing the two procedures. The results of 
these initial experiments are described here. 


Instrumentation and Data Acquisition 


The Cameca electron microprobe used in this 
work is equipped with three spectrometers, a 
standard Tracor Northern TN-2000 analyzer, and 
a TN-1310 automation system. The instrument 
automation includes a PDP-11/34 computer, 
which is configured with 48K words of memory 
including memory management. 

The WDS digital x-ray maps were obtained 
with the Tracor Northern XIP program and the 
accompanying Tracor Northern WDS module, which 
were modified in our laboratory to take counts 
directly from the WDS scalers at each pixel in 
the map.’ Maps from the three spectrometers 
can be acquired simultaneously and are then 
transferred from disk to a Digital Equipment 
Corp. VAX 11/780 computer, where the data are 
separated into individual maps for each spec- 
trometer, quantitated with the NBS matrix 
correction procedure FRAME,? and displayed on 
an IP 8500 DeAnza Image Analysis System. 

In the experiments described here, the 
Au Ma maps were obtained with the horizontal 
spectrometer and the PET crystal, and the Ag 
La and Au La maps with the vertical spectrome- 
ters and the PET and LIF crystals, respective- 
ly. An excitation potential of 20 kV and 
Faraday cup current of 65 nA were used. The 
magnification was 400x which corresponds to 
an area of 250 x 250 um. The NBS Standard 
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Reference Material (SRM) 481 was used for this 
study, This SRM includes wires of pure gold, 
pure silver, and four gold-silver alloys which 
are homogeneous on the micrometer scale.‘ 

The statistical program used in this work 
divides each map into nine equivalent regions. 
For a 64 x 64 pixel map, each region is 18 ~x 
18 pixels located in a 3 x 3 grid. The pro- 
gram calculates an average value and standard 
deviation for each region, and report the min- 
imum and maximum pixel values in each region. 
In addition, an average value and standard 
deviation is reported for the entire map. 

From the tabulated information, a quick exam- 
ination can be made to determine whether 
there are any pixels or regions in the map 
that grossly disagree with the rest of the 
map. 


Discussion 


The first experiment compares the Standard 
Map procedure with the Defocus Modeling pro- 
cedure. In the Standard Map procedure, a map 
of the standard elements (or compounds) is 
recorded under identical conditions of size, 
orientation, and spectrometer positions, as 
was done for the unknown specimen. After 
background and dead-time corrections, a k- 
ratio is calculated for each pixel from a 
pixel-to-pixel match of the two maps taken 
with the same spectrometer. Then a composi- 
tion for each element of interest is calcu- 
lated for each pixel from the k-ratio using 
the NBS matrix correction procedure FRAME. 3 
In the Defocus Modeling procedure, a wave- 
length scan through the peak of the element 
being analyzed is used as a reference for the 
construction of a standard map, which is used 
for subsequent calculations as previously 
described. 

A digital WDS map was taken fromeach alloy 
and pure element in SRM 481. Wavelength 
scans were taken from the pure elements. The 
map size for all maps was 64 x 64 pixels. 

The time/pixel was adjusted for each map so 
that approximately 1000 counts/pixel were ob- 
served for the element with the lowest count 
rate. Each map was recorded in less than 
lh. 

The results of the experiment appear in 
Table 1, where the concentrations calculated 
for each element from each mapping procedure 
are listed. The numbers listed here are av- 
erage values taken from the concentrations of 
all pixels in the final concentration map for 
the analyzed element. Since two different 
gold lines were used, each was used in sepa- 
rate calculations to determine the total map. 
Therefore, the results for the Ag La map are 
listed twice. Next to each average concen- 
tration, the number (in parentheses) is a 
single relative standard deviation observed 
for the entire concentration map. It was 
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included to give some measure of the variation 
observed throughout each map. Comparing the 
results from two procedures for the same ele- 
mental line of the same alloy, we find the 
relative standard deviations are similar in 
all but a very few cases. Both methods pro- 
vide similar performance in regard to the 
achievable precision. The efficiency and 
flexibility of the Defocus Modeling procedure 
provide great advantages, as was discussed in 
detail previously. ? 

The accuracy of the calculated concentra- 
tion can be evaluated by comparison of the av- 
erage concentration with the certified values. 
For the Au La and Au Ma analyses, neither pro- 
cedure demonstrates an obvious advantage. As 
the gold concentration decreases, the differ- 
ence between the calculated concentration and 
the certified value does increase, with Au Ma 
too low and Au La too high. However, for the 
Ag La analysis, the agreement between the re- 
sults of the Standard Map procedure and the 
certified values is considerably better than 
the results from the Defocus Modeling proce- 
dure. This difference in the two methods is 
probably not due to a deficiency in the Defo- 
cus Modeling procedure, but more probably to a 
small error in the magnification value or the 
selection of the line of optimum focus used 
for constructing the synthetic element map. 
The Ag La line is a sharper peak than either 
the Au Mo line or the Au Loa line; therefore, a 
small error in the magnification or in the 
line of optimum focus would result in a larger 
error for the Ag La map than for the Au maps. 
This problem will be more fully investigated. 

There was some concern that the results 
above, which are average values determined 
from the entire map, might not hold true for 
smaller areas of the map if there were serious 
inaccuracies in the defocus corrections that 
were location dependent. One could then make 
serious mistakes when interpreting multiele- 
ment compositional maps with multiple phases. 
One needs to have confidence in the observa- 
tions regardless of the location of the pixel 
in the map. Therefore, we have compared the 
average results from the entire map with re- 
sults from a more remote region of each ele- 
ment map, which was selected to be as far from 
the line of focus as possible. 

Figure 1 is a gray-scale display of the 
three original element maps of the alloy be- 
fore any corrections were made. Since a dif- 
ferent spectrometer was used to record each, 
the line of focus is different in each map. 
Figure 2 is one map (the Au Ma map) with the 
nine regions used in the statistical program 
outlined. For each element, the region of 
lowest expected count rate, away from the op- 
timum line of focus, was selected for evalua- 
tion. For Au Ma this was the upper left cor- 
ner; for Ag Lao, the upper right corner; and 
for Au La, the lower right corner. Table 2 
shows the results from the statistical analy- 
sis of these remote regions. There is no Ssig- 
nificant difference between these values and 
the average values from the entire map. Exam- 
ination of the tabulated data for each map 
also showed that the average value from an en- 
tire map was generally within 1-2% of the av- 
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erages observed for each of the nine regions. -° 
The precision for each of the nine regions was 
comparable to or better than that observed for 
the entire map. (This observation is expected, 
since there is more variation between counts/ 
pixel over the entire map than within any sin- 
gle region of the map.) Both procedures, 
therefore, function as well for a portion of 
the map as for the entire map. 

A second experiment was designed to com- 
pare the quantitative results obtained from 
different-size maps taken at different times 
per pixel. The Au80Ag20 alloy of SRM 281 was 
used. The Defocus Modeling procedure was used 
to determine the concentrations, because this 
procedure is far more efficient in an experi- 
ment of this type than the Standard Map proce- 
dure would have been. Only one wavelength 
scan from each of the three spectrometers was 
needed to construct (calculate) a standard map 
for each element at each of four different 
pixel sizes used. The Standard Map procedure 
would have increased the data acquisition time 
three-fold in order to take all the needed 
standard maps. It took more than two days to 
acquire the data for this experiment. 

Table 3 lists the average compositions for 
each element map and the calculated total maps. 
As for the previous table, the number in paren- 
theses is a relative single standard deviation 
for the entire map. In addition to the accum- 
ulation time (in seconds) spent on each pixel 
for each map, the total accumulation time {in 
hours) is listed, to give an indication of how 
the size and time/pixei relationship help in 
deciding the practicality of an experiment. 
These total mapping times are not a simple 
multiple of the pixels and the time/pixel as 
there is a considerable amount of computer 
overhead time in our accumulation system. 

Both the precision observed for the entire 
map and the accuracy of the average composi- 
tion (comparison made with the certified val- 
ues) are improved when longer times/pixel are 
used. These results are not surprising, since 
the statistics in the maps taken at shorter 
times, particularly the 0.1ls maps, were not 
very good; the number of counts per pixel be- 
fore background subtraction is only about 400 
counts for the Au Ma line and slightly less 
than 300 counts for the Lo lines. The same 
systematic error described in the first exper- 
iment is present in the determination of the 
Ag La concentration. Again, this error will 
be reduced with a more exact knowledge of the 
magnification and/or line of optimum focus. 

The choice of the pixel size of a map and 
the time/pixel will ultimately depend upon 
many factors, such as the resolution required 
in the final map, the tolerable quantitative 
error in the final result, the amount of time 
available for mapping, the concentration lev- 
els in the specimen, and the x-ray count rates. 
The results of Table 3 show that even at very 
short times per pixel, with only a few hundred 
counts per pixel, both the accuracy and preci- 
sion errors are less than 10%. Where resolu- 
tion is not critical and lower quantitative 
errors are required, smaller maps taken at 
64 x 64 or 128 x 128 pixels can provide errors 
of 2-3% or less by use of longer counting 
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times (1 s or more). Longer counting times 
per pixel can be used for larger maps as well, 
but the total accumulation time would become 
unreasonably long. Even with a beam current 
regulator, mapping beyond what can reasonably 
be done overnight could be risky as the cur- 
rent does drift slowly over long periods of 
time as the filament ages, and there is the 
risk of losing a filament. 


Cone lustons 


These preliminary experiments have shown 
that good quantitative analysis can be done on 
WDS digital maps. The accuracy and precision 
depend on the specimen being studied, the size 
of the error that can be tolerated, and the 
time factor. Some adjustments are required to 
make the Defocus Modeling procedure as accu- 
rate as the Standard Map procedure, and will 
be studied in detail. 
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FIG, 1.--Gray-scale display of three original 
element maps of the Au80Ag20 alloy. Each 


gray-level change corresponds to 50% drop in 
X-ray intensity. (A) Au Ma, (B)} Ag La, (C) 

Au La. 

FIG. 2.--Original Au Ma map. The nine regions 
per map used in statistical analysis program 
are outlined. 
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TABLE 1, .-Quantitative analysis of Au-Ag alloys 
by digital mapping procedures. 
Concentration in weight percenté 
ELEHENT/LINE 
ALLOY PROCEDURE Aura Agha AuLe TOTAL 
AuG0Ag20 Cert.values 80.05 19.96 80.05 100.02 
Stand.Map  79.56(3.2) 19.86(5.5)} 99.39(2.8} 
19.86(5.5) 61.19(6.2) 101.02(5.3) 
Defoc.Mod.  79.98(2.6) 20.38(2.8) 100.33(2.1) 
20.36(2.8) 82.68(3.1) 103.00(2.8) 
Au60Ag40 Cert.Values 60.05 39.92 60.05 99.97 
Stand. fap 58.68(3.4) 40.11{2.7) 98.75(2.3) 
40.11(2.7) 60.68(4.5) 100.96(3.1) 
Defoc.Mod. 58.99(2.7) 41.13(3.2) 100.07(2.0) 
41.13(3.2) 61.35(5.2) 103.38(4.6) 
AudMAg60 Cert.Values 40.03 59.93 40.03 99.96 
Stand.Map 38.72(3.6) 60.21(2.1) 98.69(1.9) 
60.21(2.1) 41.43(4.3) 101.60(2.2) 
Defoc.Mod. 38.94(3.0) 61.62(4.3) 200.51(2.7) 
61.62(4.3) 41.61(6.9) 102,.44(3.7} 
AU2Z0AGB0 Cert.Values 22.43 77.58 22.43 100.01 
Stand.Map 21.63(4.1) 77.61(2.0) 99.19(1.8) 
7.61(2.0) 23.61(5.7) 101.18(2.1) 
Defoc.Hod. 21.75(3.9) 79.24(2.6} 100.95(2.0) 
9.24(2.6) 23.80(5.9) 102.03(2.5) 


* A single average relative standard deviation for the entire map is 


in parentheses. 


TABLE 2.--Quantitative results from one region of 


the Au-Ag alloy digital maps. 


Concentration in weight percents 


‘SLEMENT/LINE 
ALLOY PROCEDURE Aune AgLa AuLe 
AuBOAg20 Cert.Values 60.05 19.96 80.05 
Stand.Map 79.79(3.1) 20.35(3.8) 
20.35(3.8) 60.06(3.7) 
Defoc. Mod. 78.98(1.9) 20.22(2.4) 
20.22(2.4) 81.58(2.4) 
Au60Ag40 Cert.Values 60.05 39.92 60.65 
Stand.Map 58.78{3.4) 40.42(2.5) 
40.42(2.5) 60.38(3.8) 
Defoc.fiod. 58.15(2.1} 41.19(1.7) 
41.19(1.7) 61.56(2.9) 
Au40Ag60 Cert.Values 40.03 59.93 40.03 
Stand .HRap 38.87(3.6) 60,.03(2.3) 
60.03(2.1) 41.30(4.1) 
Defoc.Mod. 36.46(2.4) 59.71(1.9} 
59.71{1.9) 42.12¢3.1) 
AU2Z0AGB8O Cert.Values 22.43 77.58 22,43 
Stand.fMap 21.74(4.4) 78.05(1.9) 
8.05(1.9) 23.35(4.6) 
Defoc.Hod. 21.49(3.4) 77.69(1.2) 
77.69(1.1) 23.83(4.1) 


* A single average relative st. 


is in parentheses. 


andard deviation for the region 


TABLE 3.--Statistical study of a homogeneous 


Au 80Ag20 NBS SRM alloy. 


CONCENTAATIONS IN WEIGHT PER CENT 
CALCULATED PROM DEFOCUS MODELLING PROCEDURE® 


MAP TIBE/ ELEMENT TOTAL 
DIH. Pixel Hap Auna AgLa AuLa 
(s) (h) 
512 ai 25.5 683.27(5.9) 21.72(7.3) 105.0(4.7) 
21.72(7.3) 85.01(6.5) 1066.7(6.9) 
256 «4 9.3  82.17(4.3) 21.46(5.0) 103.6(3.4) 
21,48(5.0) 62.06(3.3) 103.6(2.7) 
128 1.2 5.9 80.63(3.1)} 21.88(3.2) 101.8(2.6) 
21.20(3.2) BO.90(2.0) 102.1(1.7) 
256 ai 3.6 61.40{5.1) 21.36(6.6) 102.7(4.3) 
21.36(6.6) 83.02(6.0) 104.4(5.0) 
128 4 2.3 80.74(3.8) 21.40(3.9) 102.1(3.1) 
21.40(3.9) 82.86(3.8) 104.2(3.1) 
64 1.2 2.8 62.2142.2) 21.07(2.6) 101.2(2.0) 
21.07(2.6) 80.15(2.6) 202.3(1.6) 
128 ol 2.0 1.25(5.1) 21.31(6,1) 102.4(4.2) 
21.31(6.1) 62.72(6.0) 104.0(4.9) 
64 -4 0.6 80.10(3.2) 21.07(3,5) 101.1(2.6) 
21.07(3.5) 61.26(3.2) 102.3(2.6) 
64 21 0.3 80.05(5.0) 21,04(6.2) 101.0(4.12) 
21.04(6.2) 81.26{5.7) 102.3(4.7} 
CERT. VALUES BO.05 19.96 60.05 200.01 


* A single average relative standard devistion for the 


in parentheses. 
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AN IMPROVED CALCULATOR FOR DIGITAL IMAGE MANIPULATION 


J. F. Konopka 


The main purpose of this calculator is to al- 
low the user to assign any available color to 
any measured range of x-ray intensities col- 
lected from one element or a combination of 
elements after suitable numeric processing. 

It also allows combining this information with 
digitized images from other sources of signals 
such as secondary or backscattered electrons, 
in an interactive and iterative fashion. This 
paper presents changes made since the first 
presentation of this calculator in 1984. 

The advantage of a calculator over other 
interfaces is that it allows the most freedom 
to try new algorithms and the most operations 
to be done in the least time. With less ef- 
fort needed to accomplish a series of opera- 
tions it becomes more likely that they get 
done and that new facts will be learned about 
a sample. Simple menu-driven approaches have 
the disadvantage that they generally allow on- 
ly one operation at a time, which means multi- 
ple passes over the data and storage of inter- 
mediate results. For example, in a biological 
sample containing K, Ca, and P, if one wanted 
to correlate P and Ca abundance, one would 
first calculate a K K& image from the K Ka im- 
age by use of the known Ka/K§ ratio, then sub- 
tract the K Kg from the Ca image, scale the 
resulting Ca image, scale the P image, and 
compare the resulting Ca and P processed im- 
ages. With the interface described here, up 
to four input images may be simultaneously 
used as inputs and up to 200 operations may be 
performed in one pass through the data. In 
the example described above all the processing 
could be done in one pass. This style of in- 
terface puts the user in the driver's seat. 
Instead of being channeled along the path of 
available menus, users are limited in the 
range of what can be done only by their inge- 
nuity and by the availability of published al- 
gorithms for combining images. In addition, 
the use of a calculator interface is relative- 
ly simple to use compared with other systems 
which require the user to learn BASIC or some 
other difficult to use programming language. 


Changes 


Improvements were made in three areas. 
First, several new functions have been added. 
Table 1 lists all the available functions. 
Newly added math operators are a fast-integer 
square root (SQRT), a fast-integer base-two 
logarithm (IL0G2), and a special function 
called "times divide (*/),'' which multiplies 
two numbers and then divides the result by a 
third number. This procedure is faster than 
separate multiply and divide functions and the 
intermediate result is kept at 32-bit preci- 
sion, which makes the result more precise. To 
make documentation easier, a comment command 
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has been included. When the backslash charac- 
ter is encountered, all text between it and 
the right edge of the screen are ignored by 
the calculator and thus may be used to explain 
what is being done. To make color selection 
easier, simple colors may now be keyed in by 
name (RED, GREEN, BLUE....). An implicit 
change was to implement TRUE flags as 16 bits 
on, which permits doing “arithmetic with truth 
values"? and reduces the need for buiky IF... 
ELSE...THEN construct. Fewer commands means 
faster operation and a command string that is 
easier to read. 

The second improvement is that commands are 
now entered with an editor rather than serial- 
ly. The obvious benefit is that the entire 
input command set may be reviewed before exe- 
cution begins. On a sample screen (Fig. 1) 
shows commands in Post Fix notation (sometimes | 
known as Reverse Polish). As an option the 
user may select algebraic or In Fix notation 
(sometimes known as "Obwrocony Angielski" 
which is Polish for "Reverse English"). If 
any word is unrecognized, the editor is auto- 
matically reentered and the unknown word is 
flagged in red, so that corrections can be 
easily made. Another feature is that all the 
text is saved in a special memory buffer. 

Each time the calculator is reentered all the 
previous commands are redisplayed. Thus, one 
can easily repeat a command sequence, many 
times while making small changes. Finally, to 
make usage simpler, almost no. syntax is re- 
quired except that all words are separated by 
at least one space and the commands must be 
placed in the correct order. The users are 
otherwise free to put words in any columns or 
rows, to indent or not indent, etc., as they 
please. . 

Finally, an interactive histogram display 
of all files used as input is provided in the 
same display as the editor. The vertical 
scale is logarithmic and the horizontal scale 
adjusts automatically to the range of the 
data. Each histogram is provided with a cur- 
sor controlled by cursor keys and a numeric 
display of cursor position. This feature dra- 
matically improves the utility of this inter- 
face, as the histogram.of each input image may 
be minutely inspected while decisions are be- 
ing made about a calculation sequence. The : 
histogram data are also buffered to speed it- 
erative use of the calculator. 


Operation 


In operation, the user first specifies 
which files are to be used as input’, where the 
result should be displayed, and (if desired) 
the name and size of a file in which the re- 
sult are to be stored. As before, there are 
no restrictions on mixing files of different 
array sizes or different data types. For ex- 
ample, a 512 x 512 secondary electron image 
may be combined with 256 x 256 x-ray maps. At 
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this point the software verifies that the 
files exist, reads in the histogram if they 
are not alreddy in the memory, and presents 
the display shown in Fig. 1. The user now 
keys in the set of operations to be executed. 
During this time the text may be moved about 
and changed as desired, and the histograms may 
be inspected with the cursor. When editing is 
done the software interprets the commands, 
then steps through each point of the image, 
and the input commands are executed at each 
point. This is a stack based calculator. At 
the end of the calculations the last number at 
the top of the stack is written to graphics 
and, optionally, to a disk file. The stack is 
automatically reset at each pixel. 


Examples 


Maps of alloys or mineral phases are creat- 
ed from logical combinations of elemental x- 
ray intensities. An intensity window is spec- 
ified for each component of the phase. In 
the calculator a flag is set true or false at 
each pixel depending on the x-ray counts in 
that pixel. The results of all such tests are 
then ANDed together, which produces a color 
showing the distribution of the specified al- 
loy or phase. Multiple phases may be dis- 
played in one image if each phase is made a 
primary color (red, blue, green) and then ORed 
together. Combinations of colors appear as 
new colors. This use is demonstrated in the 
map of Fig. 1, which shows an MnS inclusion in 
steel surrounding some Al and Ca oxides. In 
the first two lines intense values of Al are 
set red and intense values of Ca are set 
green. The OR command joins these two condi- 
tions. Where the two elements occur together 
a yellow spot (red + green) appears. Next, a 
condition is specified which sets MnS to blue. 
This condition requires both elements to be 
present. Unlike in dot maps, if only one ele- 
ment is present the spot remains dark. The 
resultant image (Fig. 2) shows three distinct 
regions: one for MnS, one for Al, and one for 
Ca. A distinct Ca-rich region does not ap- 
pear. — 

In a similar use, the resulting mask of 
elemental combinations can be used to mix col- 
ors with gray scale (secondary- or backscat- 
tered-electron) images to pinpoint the posi- 
tion of the isolated phase. If the desired 
combination of elements are present, the color 
is shown; otherwise, the gray-scale image is 
shown. 

If background data as well as peak data are 
collected, peak-to-background images can be 
generated that will correct mapped intensities 
collected from rough surfaces, varying geome- 
tires, and varying beam current, and that may, 
at high overvoltages, be helpful on charging 
samples.3 Similarly, one can correct thin- 
film samples collected with an STEM for small 
thickness variations by mapping element ratios. 

Rudimentary quantitative maps may be gener- 
ated in several ways. Dividing peak-to-back- 
ground ratios in the sample image by peak-to-back- 
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ground ratios from standards yields fairly 
good numbers, The main problem is the poor 
precision due to the small number of background 
counts usually available. Interelement ratios 
yield better statistics but require some ih- 
terpretation. Uncorrected k~ratios also yield 
quantitative information’ that is often at 
least as accurate as the precision available 
from thenumber of x rays acquired. One byte 
of data (255 counts) is no more precise than 
%, and 1000 counts of data have a precision 
of about 3%. Filtering the images improves 
these numbers at the sacrifice of some spatial 
resolution. 

Finally, simple spatial masks can be de- 
fined that allow position-dependent processing. 
This procedure can be used to mask out arti- 
facts, to display only a portion of an image, 
or to make combined images. For example, in a 
cross section of a layered sample one half the 
image could be the backscatter-electron image 
and the other half could be digital x-ray 
images. 

I have demonstrated an approach to digital- 
image manipulation which is flexible, interac- 
tive and iterative, and yields useful results. 
I hope that this will stimulate development 
of other, more sophisticated tools for anal- 
ysts. The next extension may be to add the 
necessary capabilities to implement more pre- 
cise quantitative mapping® with a minimum of 
fuss. 
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TABLE 1.--List of calculator commands. 


Command Set 


+ - * { *#/ arithmetic operators 

OR AND NOT XOR JYogical operators 

NEG ABS negation, absolute value 

MIN MAX minimum or maximum of two values 
IF ... ELSE ... THEN branching operators 

SQRT square root 

ILOG base two integer logarithm 

xX Y row and column of current pixel 


OVER DUP DROP stack operators 

= ©. comparisons; equal, not equal 
< > less than, greater than 

RED GREEN BLUE codes for primary colors 

A BC OD symbols for image data 

nan constants 


Al C: HMAF1 C Video: 


S D: MAP1 n Disk Output: <none>* 


RED AND \ Alumina is red. 
GREEN AND \ Calcium oxide is green. 
OR \ Overlap will be yellow. 


AND BLUE AND \ MnS is Blue. 
OR \ Combine flags. 
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FIG, 2.--Image generated by commands shown in Fig. 1. 
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COLORAD SYSTEM FOR MAPPING ELEMENTAL COMPOSITION DETERMINED BY X-RAY ANALYSIS 


D. D. McCoy 


Colorad is a color-imaging system that maps 
concentrations and phase distributions of ele- 
ments in a designated region of a material by 
analysis of x-ray signals generated in the ma- 
terial by a scanning electron beam. Color 
variations show the amounts of various ele- 
ments present and the composition of the 
phases. The instrument measures the intensity 
of each element's characteristic x-ray signal, 
then assigns a lightness to represent the con- 
centration of a selected element, and a color 
(characterized by hue, value, and chrome) for 
a given combination of elements. The color 
display is unambiguously associated with con- 
centration levels, which permits elemental 
analysis of concentrations as low as 0.5%. 
Because the brightness of the image is inde- 
pendent of signal strength, the instrument is 
particularly valueable for determining the 
composition of phases present. A typical use 
of Colorad is in analyzing the material in 
the vicinity of a braze joint to determine the 
quality of the braze. 

Modern electron microprobes are equipped 
to be reasonably good scanning electron micro- 
scopes as well as x-ray microprobes. They can 
be used to make good images with both secon- 
dary electrons and backscattered electrons. 

In addition, one can use them to make an x-ray 
image of the characteristic radiation of a se- 
lected element by choosing either (1) an ap- 
propriate wavelength with a wavelength-disper- 
sive spectrometer (WDS), or (2) an appropriate 
specific energy with an energy-dispersive 
spectrometer (EDS). To generate such images, 
the electron beam is continuously swept over 
the surface of the sample until enough x-ray 
information is generated to produce a photo- 
graphable image on a cathode-ray tube. The 
resulting x-ray image shows the location of 
the selected element but provides very little 
reliable information on concentration. 

Such x-ray images are difficult to inter- 
pret in terms of elemental concentrations for 
a number of reasons. Unwanted background in- 
formation is present, which always leaves some 
doubt as to what part of the image represents 
real information and what part does not. This 
background information also causes poor image 
definition. Moreover, conditions for creating 
an image are never the same for any two ele- 
ments or from one sample to another, which 
makes it difficult to establish a proper expo- 
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sure time for photographing the image. The 
relative brightness of any area in the image 
depends on the relative concentration in that 
area of the selected element in the sample ma- 
trix, which suggests that brightness might be 
calibrated to indicate concentration; however, 
the brightness is also strongly affected by a 
number of other factors, including the elec- 
tron accelerating voltage, the beam current, 
the total number of times the beam is swept 
over the sample, the relative excitation effi- 
ciency of the element and the x-ray line cho- 
sen, and the peak-to-background ratio of that 
element in a given matrix. 

Many of the above problems have been over- 
come by the Colorad system described here, 
which uses an imaging technique that combines 
up to four elements into one image and clearly 
displays phases present and changes in ele- 
mental composition within a phase. 


The Colorad System 


The Colorad system includes three basic 
units: the Colorad chassis, a red-green-blue 
(RGB) monitor for displaying the color video 
image, and a color camera for photographing 
the image. The present version of Colorad is 
provided with eight x-ray input ports (up to 
four of which can be used at any one time) and 
one analog-signal input port (for secondary 
electrons,backscattered electrons, sample cur- 
rent,etc.). Input to the eight x-ray ports 
comes from four WDS units and four EDS units. 
Three types of output signals are provided: 
x-y sweep drivers, RGB video drivers, and an 
RS232 terminal port. 

The Colorad chassis contains a microproces- 
sor board, two graphics boards for storing the 
image, a board for the required color-lookup 
table, a sweep-driver board, an alphanumerics 
board, and the Colorad counter board. These 
seven boards perform the following six func- 
tions: 


1. The microprocessor board controls the 
functions of the other boards with software 
and provides the clock pulses for the Colorad 
counter board. 

2. Each of the two graphics boards stores 
one half of an image word in the form of a 
four-bit word. The two four-bit words are 
combined to make an eight-bit word that is 
used for addressing the color-lookup table. 
These boards also furnish the control signals 
for converting the data to a video signal. 

3. The color-lookup table stores the col- 
ors that are addressed by the graphics boards 
and converts them to an RGB signal for driving 
the RGB monitor and the color camera. 

4. The sweep-driver board converts digital 
x-y addresses for the electron beam position 
to an analog signal for driving the sweep coils 
of the electron microprobe. 

5. The alphanumerics board provides the 
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capability for overlaying element symbols on 
color-coded patches for identifying elemental 
compositions of the phases present and also 
for labeling the images. 

6. The counter baord selects the desired 
signals (both x-ray and analog), counts their 
pulses for a preset period, and presents them 
to be read by the microprocessor board for 
evaluation. 


The Colored Image 


Before describing how Colorad is used, it 
is worthwhile to describe the image and what 
it conveys. Whereas spot analyses or line 
scans with the electron microprobe may reveal 
important information about the sample (subse- 
quently, when the data have been analyzed), an 
image such as produced by Colorad can provide 
the observer--almost immediately--with an 
overview of an area that reveals unknown in- 
clusions or other variables in the sample. A 
secondary-electron or backscattered-electron 
image may reveal topography and spatial dis- 
tributions of phases or variations in average 
atomic number, but a Colorad x-ray image con- 
tains information that identifies elemental 
composition and concentrations of a material. 
In the Colorad system, color provides a vehi- 
cle for a dramatic increase in the visual in- 
formation content of an x-ray image. By prop- 
erly assigning colors, one can display both 
the elemental content and the variations in 
elemental concentration within a given combin- 
ation of elements. 

How does Colorad display both elemental 
composition and variations in elemental con- 
centration? The answer to this question be- 
gins with a brief explanation of color param- 
eters. According to the Munsell notation,* a 
color is tridimensional; the three dimensions 
are hue, value, and chroma. A color's hue, 
the name of the color or color family (e-g., 
red, yellow, green), is related to the wave- 
length of light of that color, as are the oth- 
er color parameters. Value of a color is the 
lightness or darkness of the color (e.g., 
light green, medium green, dark green). Chro- 
ma of a color is the strength or intensity of 
the color (e.g., the degree to which one's 
sensation of the color differs from that of 
white or gray). 

From the above it follows that we can as- 
sign the elements or any combination of ele- 
ments in a composition (such as elements A, B, 
C, etc., or combinations AB, ABC, AC, ABCD, 
etc.) their own colors with their own unique 
properties of hue and chroma. It also follows 
that if, for example, the element B decreases 
in concentration in the elemental combination 
ABC, one can decrease the value of that color 
proportionally to its decrease in concentra- 
tion. One can do so because changing the val- 
ue of the color does not change one's ability 
to identify the color, since its hue and chro- 
ma remain unchanged. 

Basic x-ray imaging, with a total of four 
x-ray signals at any one time, requires 15 
color combinations that are different in hue 
and chroma. For showing concentration chang- 
es, it is statistically feasible in many cases 
to show at least five levels of concentration 
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or levels of color value. That makes a total 
of 75 possible combinations of color to se- 
ject from. The color-lookup table is actual- 
ly made up of 15 combinations of hue and chro- 
ma and 15 value levels for each hue and chro- 
ma, which makes a total of 225 colors to 
choose from. The reason is explained later 

in the paper. 


Operation of Colorad 


Two basic types of image routines can be 
selected with Colorad. The first routine pro- 
vides the ability to identify phases by hue 
and chroma and to show concentration changes 
of a selected element within any phase by 
changes in color value. There is also a vari- 
ation of this routine that allows one to re- 
ject information from areas in the sample that 
contain plastic, which can produce incorrect 
x-ray information. The areas containing plas- 
tic can be identified by use of the back-scat- 
tered image from the microprobe, which is ad- 
justed to show the plastic as black and the 
other areas as gray or white. This informa- 
tion is sent to the Colorad display and causes 
it to ignore data from the plastic zones. 

The second routine allows one to make a 
color image by use of secondary electrons, 
with the hue and chroma of areas in the image 
determined by their elemental composition, and 
the shading of the image (which provides 
depth) shown by the value of the color. Fif- 
teen value levels (similar to gray levels in 
black-and-white images} for each hue and chro- 
ma are used with this routine. (This method 
does not display elemental concentration 
changes because the secondary~electron signal 
controls the value of the color.) If there is 
any topography in the sampe, entire x-ray sig- 
nal should come from an energy-dispersive 
spectrometer to prevent the erroneous reading 
of data. 

Other useful data routines have been devel- 
oped for the Colorad software. One is the 
color-bar pattern, which is a display of the 
entire color-lookup table, showing all the hue 
and chroma combinations (15) and their respec- 
tive value levels (either 5 or 15). This dis- 
piay is useful for checking whether the camera 
is reproducing the colors faithfully. It is 
also a good reference for selecting a color to 
substitute for another, or to check whether 
the color-lookup table is loaded properly. 

Another useful routine provides for label- 
ing, so that one can add an image identifica- 
tion, sample number, etc. to the image. One 
can also add a scale marker to the image (to 
indicate size). Selected color patches, rep- 
resenting different phases, can be added to 
the image, with corresponding elemental iden- 
tifications superimposed on the patches. The 
correct identifications are automatically 
selected. 

Still another useful routine provides the 
ability to exchange colors in the color-lookup 
table before or after an image is made. As an 
example, suppose two of the colors are too 
closely related and/or one of the colors has 
no eye appeal; the user can easily call up 
another color and substitute it for the unde- 
sired-color. Also, the user can exchange the 
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values of the colors within a hue and chroma 
group if they are too bright or too dark, etc. 
There is even a provision that allows the user 
to define his own colors, or define the color- 
lookup table. 

The software is easy to run, as we illus- 
trate here with a step-by-step example of how 
an image is created, to show concentration 
changes in a parent phase. The program first 
offers an instruction menu to the user, and 
displays and/or prints out the menu if the 
user accepts. The user accesses the desired 
routine by entering a number or a letter. The 
program then provides the option of specifying 
a label, and’ asks for input of information on 
desired magnification, number of detectors, 
identifying number of each detector, and ele- 
ment symbols associated with each detector. 
The program then inquires whether count rates 
are to be measured; if they are, it measures 
the background and peak count rates for any 
selected phase(s) and provides the input set- 
tings for all the time periods the program 
is to execute. Alternatively, a count clock 
rate for a given time period can be input to 
cause the program to provide the proper input 
setting for, say, showing concentration difer- 
ences. After selecting the time period and 
input parameters for each element, the user 
chooses for each elemental combination (e.g., 
compound, precipitate, alloy, etc.) the par- 
ticular element for which he wishes to see 
concentration changes. Resolution or detail 
(and hence speed of acquisition, to some ex- 
tent) is determined by the choice of either 
250 or 125 pixels per line and whether the im- 
age is to be quarter-screen or full-screen 
size. Upon receiving the go-ahead signal (G) 
from the user, the program then produces the 
Colorad image. The image can be viewed, as it 
is being made, on the RGB monitor. (A typical 
image might require 20-40 min.) When the im- 
age is complete, all the area fractions for 
each phase are printed out by the computer and 
provide useful data for calculating volume 
fractions. 


Interpreting the Image 


The Colorad image has a number of signifi- 
cant properties. The most important one is 
that it identifies elemental combinations (up 
to four elements) and shows changes in concen- 
trations of atomic species within any combina- 
tion of elements. In most cases it is pos- 
sible to display all phases present in a spe- 
cified area at one time, so that the spatial 
distribution of phases is easily observed. 
Overlaying of images is not required in order 
to obtain elemental combinations, because the 
data for all the elements being analyzed are 
gathered simultaenously from the same spot. 
The beam is allowed to reside in one spot only 
once, for a time long enough to gather data 
that are statistically reliable. In that way 
any unwanted background information can be 
completely removed and color value levels of 
specific count rates assigned. Because of 
this ability, the resulting resolution of the 
x-ray images is significantly increased. Im- 
ages have been produced with an apparent x-ray 
spatial resolution of the order of 0.1 um. 


Because the majority of the x rays emitted 
from the sample come from the point where the 
electron beam strikes the sample, adjacent ar- 
eas of the sample emit comparatively few 

x rays. By rejecting the lower count rates, 
areas across boundaries are not detected. 

That is the reason for Colorad's significant 
increase in image resolution, which allows the 
chemistry of much smaller areas to be observed 
than by other methods. Because the brightness 
of the image is controlled by preassigned col- 
or values, widely varying x-ray intensities 
{count rates) can be designated with the same 
color value, so that the brightness of the im- 
age becomes independent of count rate. 

Because the image can be viewed as it is 
being made, one can determine immediately 
whether the desired results are being ob- 
tained. One can speed up the process and scan 
an area more quickly by selecting only the 
center quarter of the image and skipping every 
other pixel. This technique produces an image 
in 1/16 the usual time. However, ths fast- 
scanning procedure is rarely necessary once 
the user has gained some experience in making 
Colorad images. 

A Colorad image contains 50 000 pixels: 200 
lines, eachmade up of 250 pixels. The 200 
lines are interlaced (each line is repeated 
twice), which results in a 400-line image. 
Because only color addresses (and not pixels) 
are stored for each primary color, only 64K of 
eight-bit memory space is required. Some of 
the empty space is used to store labeling, 
magnification, and pixel counts for each phase. 

Figure 1 is an example of a Colorad image 
of a good braze joint between alumina ceramic 
and Kovar for a glass-to-metal seal. A cross 
section of the braze joint is portrayed here; 
the alumina ceramic, not shown, lies just to 
the left of this image. When the braze joint 
is made, the alumina is first metallized by 
application of a paste of a mixture of 80% 
molybdenum metal, 10% manganese, and 10% sili- 
con dioxide. Nickel is then plated onto the 
metallized surface layer and onto the Kovar in 
a Watts nickel bath. (Kovar is 29% nickel and 
17% cobalt, with the remainder iron.) The two 
materials are then brazed with copper at a 
temperature above 1100 C. 

The areas described in Fig. 1 can be iden- 
tified from the labeled color patches on the 
right side of the picture. The element sym- 
bois on each color patch indicate which ele- 
ments are selected to represent a phase. The 
underlined element symbol indicates which ele- 
ment is selected to show variations in rela- 
tive concentration. If there is a decrease in 
concentration, the value of the color de- 
creases (the color grows darker). 

The color identified with the symbols Fe 
and Ni corresponds to Kovar. The Fe-Cu-Ni 
phase is green in the image; the light-green 
areas are richest in Cu, and the Cu concentra- 
tion decreases progressively as the green 
becomes darker. This color change in the im- 
age shows how far the Cu diffusion has pro- 
gressed into the Kovar metal. The purple area 
identified as Cu and Ni shows that there was 
sufficient Ni plating in this area, which has 
now reacted with the Cu to form Cu-Ni alloy. 
The lightest area (highest in value) repre- 


Colorad image ot good-quality brazed joint between alumina ceramic and Kovar 
metal. (See paper by D. D. McCoy.) 


sents a concentration of Ni of about 0.24, 
with a continually decreasing concentration 
down to the darkest area, which has a concen- 
tration of only about 0.02. The minimum de- 
tectable limit for the concentration of Ni in 
the Cu-Ni phase was set at 0.001. 

Continuing across the Cu filler metal, we 
note a thin red-brown Cu-Ni-Mo strip between 
purple-blue Ni-Mo area. This strip, which 
represents a zone of Cu, Ni, and Mo alloyed 
together, exists only where there is a wider 
band of the high-value, Ni-rich Cu-Ni phase 
(violet). This red-brown strip represents a 
zone of good bonding; when it is absent, the 
bond strength is weak. The purple-blue Cu-Mo 
area represetns a Cu and Mo alloy formed dur- 
ing brazing. It shows that the Cu must have 
diffused beyond the Ni plating during the 
braze cycle. The yellow Mo represents the Mo 
in the metallizing paste, which lies on the 


surface of the alumina ceramic part. 


Other Applitcattons 


The Colorad system is adaptable to other 
scanning instruments. For example, it should 
be easily adaptable to a scanning electron mi- 
croscope or to a scanning transmission elec- 
tron microscope, either of which would merely 
have to be provided with an energy-dispersive 
spectrometer. It should also be adaptable to 
a scanning Auger microprobe. In a more gener- 
al sense, Colorad should be adaptable, in 
principle, to any scanning instrument that 
generates a spectrum from which energy windows 
can be selected. 
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2C. EPMA: Instrumentation and Analysis 
ALIGNMENT AND CHARACTERIZATION OF DOUBLY CURVED X-RAY DIFFRACTORS 


D. M. Golijanin and D. B. Wittry 


The key element of a proposed instrument for 
microprobe x-ray fluorescence analysis (MXRF)? 
is a doubly bent single crystal with toroidal- 
ly curved crystal planes. Such a crystal pro- 
vides point-to-point focusing of a selected 
x-ray wavelength when the crystal has the Jo- 
hansson geometry in radial planes. In order 
to achieve high x-ray photon intensity in the 
focused spot, a crystal of small dimensions 
must subtend a large solid angle, which can be 
done only by doubly bending the crystal to 
small radii of curvature, 

If the crystal planes are properly oriented 
and if surface irregularities do not cause 
nonuniform bending of the planes, the minimum 
size of an x-ray microprobe should be limited 
by the width of the crystal's rocking curve 
and by the finite extinction depth.? In this 
paper we describe experiments to verify the 
crystal orientation and to test the diffract- 
ing properties of doubly bent crystals. 


Crystal Preparation 


The starting material for the doubly curved 
diffractor was a block of single crystal ger- 
manium Czochralski grown in the <100> direc- 
tion. It is mounted on a pivoted arm (cf. 
Fig. 2 in Ref. 1) with an orientation such 
that the surface of the cut crystal is as 
close as possible to the <lll> direction. 
Cutting is done with a wire saw of 40um dia- 
mond impregnated steel wire 0.2 mm in.diame- 
ter. Loading of the pivoted arm against the 
wire generates a circular arc of 100 mm radius 
and advancing the crystal by a micrometer 
screw before a second cut is made yields a 
cylindrically curved lamella. Lamellae thick~ 
ness from 0.25 to 0.4 mm were used in the 
present experiments. A typical cut crystal 
lamella is shown in Fig. 1. 

The damage produced by cutting is removed 
by chemical etching. A standard semiconductor 
etch, CP-4, normally produces a smooth and visu- 
ally shiny surface.3? The etching reaction is 
vigorous and requires agitation to prevent lo- 
cal overheating and assure uniform surface 
finish. 

In our preliminary investigations we chose 
Cuka radiation and the (333) reflection of Ge, 
which conveniently provides a Bragg angle of 
45°, For this case, to obtain the Johansson 
geometry in radial planes and to have the same 
angle of incidence for all points on the sur- 
‘face, the crystal lamella must be bent to a 
sphere of radius of 50 mm (half the radius of 
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the cylindrical cut). To obtain plastic de- 
formation of the crystal lamella, it was 
pressed uniformly over a spherical mold at 

720 C. Since the slip planes in Ge are (111) 
planes it was hoped that slip would occur with 
a minimum of undesirable effect on the (333) 
reflection. After bending, the temperature is 
decreased rapidly in order to prevent crystal 
polygonization, 


Ortentation Determinatton 


The crystallographic orientation of a cylin- 
drically cut crystal lamella can be determined 
by one of the well known diffraction methods 
(Laue or Kossel). A Kossel diffraction pat- 
tern of a single crystal consists of a set of 
conics formed by a diverging beam of charac- 
teristic x-ray radiation.* 

When a diverging beam of monochromatic x rays 
is intercepted by a single crystal, radiation 
diffracted from a set of planes forms a cone 
with its axis normal to the planes and a semi- 
angle which is the complement of the Bragg 
angle.° The pattern recorded on a photographic 
film consists of bright (reflection) and dark 
(absorption) conic sections superimposed on 
background due to incoherent scattering. In 
order to study the orientation of the crystal 
iameliae we used the standard stereographic 
projection because circles on the sphere ap- 
pear as circles on the planes of projection. 
Unfortunately, since the positions of project- 
ed poles do not coincide with the center of 
the circles, and because the Kossel pattern is 
actually a gnomonic projection, the stereo- 
graphic projection is not identical to the ac- 
tual Kossel pattern, 

Figure 2(a) shows the transmission Kossel 
pattern of the curved but unbent crystal lam- 
ella. The poor overall contrast® in the 
transmission mode is due to the l/r drop in 
intensity of the conics (coherent scattering) 
and 1/r? drop in background (incoherent scat- 
tering). Larger film-to-crystal distance 
would provide better contrast; however, we did 
not use it, in order to have as complete a 
pattern as possible on standard Polaroid film. 
The dark (absorption) conics are missing pre- 
sumably because the lamella is too thin or 
"too perfect" for an appreciable absorption of 
copper Ka radiation to occur by extinction. 
The visible variation of background is caused 
by nonuniform thickness of the cut lamella. 

It was found impossible to index the pat- 
terns with the assumption that the <111> direc- 
tion was normal to the crystal's surface at 
its center. On reexamining the position of 
the crystal for cutting it was found to be 
misoriented by 45° about the <100> axis [the 
flats on the boule were assumed to be (100) 
faces instead of (110) faces]. Figure 2(b) 
shows the indexed pattern projected on a 
(64,45,0) plane. This pattern shows that the 
lamella orientation is close to the orienta- 
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FIG. 1.--Cylindrical- 
ly cut lamella of 
Single-crystal ger- 
manium before etch- 
ing. Wire saw marks 
are visible. 


ee 


rIG. 3.--Reflection Kossel pattern of same 
lamella as in Fig. 2(a). Geometry as shown in 
Fig. 4 with the film 3 cm above plane P. Elec- 
tron beam conditions: 20 kV, 50 uA. (Negative 
reproduction of original recorded on Polaroid 
57 film, 45 min.} 
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(b) FIG. 4,.--Crystal aligning and mounting fix- 
FIG. 2.--(a) Transmission Kossel pattern of ture. Target T, crystal C, and focused spot 
the thin cylindrically cut germanium crystal I are to be aligned to lie on focal circle 
lamella, Crystal-to-point source distance is FC; adjustments are: (1) wavelength, (2) crys- 


20 mn, film-to-crystal distance is 95 mm, and tal, (3) plate I, (4) plate II. This terminol- 
25um-thick brass filter is used between source ogy is borrowed from ARL-EMX scanning mono- 

and crystal. Electron beam conditions: 20 kV, chromator. Heavy dashed line C' denotes posi- 
50 pA. (Polaroid 57 film, 45 min.) (b) In- tion of unbent crystal for reflection Kossel 
dexed pattern of (a). experiment (Fig. 3). 
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tion expected from the way it was cut. 

The reflection Kossel pattern from an unbent 
crystal positioned as it would be if it were 
bent consists only of short conic segments 
(Fig. 3). The orientation is more difficult 
to determine than it is for the transmission 
pattern because of the ambiguity in the deter- 
mination of the position of the portion of the 
crystal that gives rise to a given diffrac- 
tion. 


Diffraction by Doubly Curved Crystals 


A doubly bent crystal was cemented onto a 
crystal holder by phenylsalicilate, which has 
a low melting point and is soluble in acetone. 
The alignment assembly has four degrees of 
freedom, which should provide for correct po- 
sitioning of a crystal and source relative to 
the focal circle. The crystal, crystal hold- 
er, and the alignment assembly are shown in 
Fig. 4. 

Our initial attempts to observe the focused 
x-ray spot on a fluorescent screen by using a 
TV camera proved to be unsuccessful owing to 
low sensitivity of the phosphor-camera system. 
Also, discrete exposures on a photographic 
film did not yield information about the posi- 
tion and intensity of the spot due to charac- 
teristic radiation because of the small width 
of a rocking curve and the fact that low-order 
planes with strong diffraction had an angle 
with respect to the surface. We tried raster- 
like scanning of two of the crystal alignment 
controls (1 and 4 on Fig. 4) during exposure, 
but it appeared that the time interval during 
which the spot due to characteristic radiation 
is diffracted was too short to leave a signif- 
icant mark on the film. 

Figure 5 shows the pattern of a doubly bent 
crystal. According to the system geometry of 
Fig. 4 and the indexing of Fig. 3, the bright- 
est spot is the (440) reflection. When CuKka 
radiation is filtered through a thin brass 
foil, the (620) spot remains bright, which 
proves that the (440) spot was formed by con- 
tinuous radiation and may be considered a 
"Lauet! spot from the bent crystal. 


Coneluston 


Our preliminary results have shown that it 
is possible to doubly bend a thin crystal lam- 
ella to small radii of curvature. Also, dif- 
fraction patterns (Figs. 3 and 5) from unbent 
and bent crystal, respectively, prove that ac- 
tual three-dimensional focusing is achieved 
and that the crystal retained its single-crys- 
tal diffraction characteristics even after se- 
vere plastic deformation, 

The size of a focused x-ray spot as well as 
crystal thickness variations observable in 
Fig. 2{a) and the visual roughness of the 
etched crystal surfaces indicates that surface 
roughness may cause nonuniform crystal plane 
bending. A possible solution to this problem 
is to polish the cylindrically cut lamella 
mechanically before bending. More work still 
has to be done on crystal alignment by care- 
fully monitoring changes in output of a solar 
cell used as a detector while the crystal 
orientation is changed. An alternative ap- 
proach would be to use a very sensitive TV 
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camera for real-time monitoring of the diffrac- 
tion patterns, 
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FIG. 5.--Diffraction pattern of doubly curved 
crystal. Film was located in plane P of Fig. 
4, Electron beam conditions: 20 kV, 50 WA. 
(Negative reproduction of original recorded 
on Polaroid 57 film, 30 min.) 
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DEVELOPMENT OF AN X-RAY MICROPROBE 
D. B. Wittry and 


There is a need for an analytical technique 
for materials characterization that would have 
high sensitivity, provide quantitative mea- 
surements with high accuracy, provide informa- 
tion on local variations, and be applicable to 
volatile or radiation-sensitive materials. 
None of the presently available techniques can 
yield all these attributes. The most useful 
techniques at the present time include elec- 
tron probe x-ray microanalysis (EPMA), Auger 
electron spectrometry (AES), x-ray photoelec- 
tron spectrometry (XPS), secondary ion mass 
spectrometry (SIMS), and x-ray fluorescence 
analysis (XRF). All except XRF require that 
the specimen be placed in vacuum and cannot be 
easily applied to nondestructive analysis of 
radiation-sensitive materials. EPMA, AES, 
SPX, and conventional XRF are limited in sen- 
sitivity. SIMS provides the high sensitivity 
desired but cannot be easily made quantita- 
tive. XPS and conventional XRF are difficult 
to use for obtaining information on small re- 
gions. 

Microprobe x-ray fluorescence analysis 
(MXRF) could provide most of the features men- 
tioned if one could use excitation by a fo- 
cussed beam of monochromatic x-rays. For this 
reason, considerable effort has been devoted 
to the development of an x-ray microprobe 
based on the use of synchrotron radiation. 
However, if such a microprobe can be devel- 
oped, it will not be a solution to the analy- 
tical problems encountered in most laborato- 
ries because of the need to do experiments in 
a remote location, the limited time available 
for experiments, and the need to schedule ex- 
periments a long time in advance. 

An x-ray microprobe based on a laboratory 
x-ray source would be relatively inexpensive 
and readily available whenever required for as 
long a period as required. For MXRF, three 
diffractors would suffice to cover most of the 
periodic table’ and these diffractors could be 
parfocal to facilitate analysis of the same 
microvolume when different diffractors are 
used.? The x-ray microprobe based on a labo- 
ratory x-ray source could be used as a means 
of excitation not only for MXRF but also for 
microprobe XPS and for fundamental investiga- 
tion of x-ray physics. 


Method of Forming the X-ray Microprobe 


In a previous paper® we have discussed the 


possibility of a high-intensity x-ray micro- 
probe based on a microfocus x-ray source and a 
doubly curved crystal. The geometry (Fig. 1) 
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FOR LOCAL SPECTROCHEMICAL ANALYSIS 
D. M. Golijanin 


corresponds to rotation of the Johansson geom- 
try about a line joining the source and image. 
This transformation provides exact three-din- 
ensional focusing of a point source to a 

point image. The intensity that could be ob- 
tained in a microprobe based on these princi- 
ples can be comparable to the intensity pre- 
dicted for x-ray microprobes based on bending 
radiation from storage Yings,* i.e., about 7.5 
x 10° photons/s-um?. The high intensity re- 
sults from the use of characteristic x-ray 
lines from a source of high brightness and the 
use of a diffractor that collects and focuses 
X rays within a large solid angle. Because of 
the large solid angle used, the beam conver- 
gence is greater than that of microprobes 
based on synchrotron radiation; however, the 
effect on the spatial resolution is negligible 
if the fluorescence lines are strongly ab- 
sorbed by the specimen or if thin specimens 
are used (i.e., 10-30 um as commonly used in 
optical microscopy of biological or petrologi- 
cal specimens). 

The estimated intensity is based on 40kV 
electron beam for generating CuKa x rays, 
x-ray production efficiency published by Green 
and Cosslett, the usual f{x) to take account 
of absorption, and an x-ray diffractor as 
shown in Fig. 1 with an efficiency of 0.33, 

61 = 30°, 82 = 60°, and = 120°. An electron 
focal spot size of 20 um with a current of 1 
mA is assumed; this is a conservative value 
based on the electron optics and tungsten 
thermionic source. The minimum probe size is 
expected to be limited by the width of the 
crystal's rocking curve and by the extinction 
depth in the crystal, and is estimated to be 
about 25 um for a point source (32 um for a 
20um source). 

In order to provide a large aperture with 
diffractors of a reasonable size, the radii of 
curvature must be much smaller than radii pre- 
viously used for doubly curved crystals. In 
addition, the Johansson geometry must be ob- 
tained in all radial planes. In the present 
work, one meets these requirements by first 
cutting a thin cylindrically curved lamella 
from a single crystal (Fig. 2). The lamella is 
then plastically deformed by a special pro- 
cess’ to shape the crystal over a convex mold, 
at a temperature at which slip can occur on 
the slip planes. The crystal orientation is 
selected so that one of the sets of slip planes 
utilized for diffraction. 

In the initial tests we have utilized a ger- 
manium crystal and the (333) reflection, which 
corresponds to a Bragg angle of nearly 45° for 
Cuka radiation. In this case, while the crys- 
tal planes will be toroidally curved, the mold 
is essentially spherical. For the crystals we 
used, the mold had a radius of curvature of 
about 5 cm. A crystal successfully bent over 
this mold is shown in Fig. 3. 

The diffractors have been tested with a mi- 
crofocus x-ray source constructed from electron 
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probe microanalyzer components (ARL model EMX- 
SM). A schematic diagram of the microfocus 
x-ray source is shown in Fig. 4; experiments 
to study the diffracting properties of the 
doubly bent crystals are described in another 
paper in these proceedings. 


An Instrument for Microprobe X-ray Fluores- 
cence Analysts 


An important advantage of the MXRF tech- 
nique in addition to the small spot size is 
the use of focused monochromatic radiation for 
excitation. The background that occurs in 
conventional XRF due to Rayleigh scattering of 
the continuum is almost completely eliminated. 
An estimate of the principal remaining source 
of background, namely continuum produced by 
photoelectrons, indicates a signal-to-back- 
ground ratio of about 10* to 10° for a pure 
specimen. 

Because of the improved detection limits 
that can be obtained with a high signal-to- 
background ratio, it is anticipated that most 
analytical applications will involve x-ray 
fluorescence spectra with many lines due to 
trace impurities. Therefore, a practical in- 
strument must include a wavelength-dispersive 
spectrometer as well as an energy-dispersive 
spectrometer. Other essential elements in- 
clude an optical viewing system and a preci- 
sion specimen stage. 

An instrument for x-ray fluorescence analy- 
sis based on the x-ray microprobe described is 
currently under development at the University 
of Southern California. It consists of the 
microfocus x-ray source of Fig. 4, a germanium 
crystal diffractor, an x-y-z-6 specimen stage 
driven with stepping motors, an optical view- 
ing system providing 50x magnification on a TV 
screen, a computer-controlled wavelength-dis- 
persive spectrometer (EMX-SM type) and an en- 
ergy-dispersive spectrometer (Kevex 7000). A 
photograph of the instrument in its present 
state of development is shown in Fig. 5. 

Future developments of this instrument will 
include the addition of other diffractors to 
provide for efficient excitation of a broader 
range of elements and an improved microfocus 
x-ray source with a rotating anode containing 
multiple elemental targets. With these im- 
provements, it is anticipated that the MXRF 
technique will become another important analy- 
tical technique for the characterization of 
materials. 
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FIG. 1.--Geometry of doubly curved crystal 
diffractor for x-ray microprobe. Monochroma- 
tic x rays from source S are focused by crys- 
tal to image I. 


FIG, 2.--Diagram of diamond wire saw for cut- 
ting crystals. Crystal C is mounted on arm 
that rotates about axis A. Diamond-impregnat- 
ed wire W cuts cylindrical lamella of radius 
R whose thickness is determined by advancing 
crystal after each cut by micrometer screw M. 
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FIG. 3.-~Doubly curved crystal attached to 
backing plate. To show double curvature, 

crystal was coated with white paint to make it 
diffusely reflecting and a grid was projected 

onto crystal by 35mm slide projector. 


FIG. 5.--X-ray microprobe instrument. Console 
on right contains controls for microfocus x- 
ray source; console on left contains controls 
for EDS and WDS. Spectrometers have been re- 
moved for performing tests of crystal diffrac- 
tors, but drive mechanism for WDS can be seen 
in front of electron-beam column. The y-y-z-8 
stage and TV camera for viewing specimen can 
be seen below beam column, 
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FIG. 4.--Microfocus x-ray source: Electron 
beam from gun G is focused onto a target T by 
two magnetic electron lenses adapted from an 
electron probe microanalyzer. L, is modified 
objective lens, Lo is condenser lens from 
EMX-SM . Beam angular aperture is determined 
by fixed aperture A. Beam column enclosure 
(not shown} is evacuated by sputter ion pump; 
x Trays emerge from this enclosure through 
window W. 
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A NEW AUTOMATED EPMA SYSTEM WITH DISTRIBUTIVE PROCESSING CAPABILITY 


Yoshitaka Nagatsuka, Toshiaki Miyokawa, Masayuki Otsuki, 
Tadashi Watanabe, Jun Suzumi, and Shojiro Tagata 


Influenced by the rising demands of metallurgy, 
geology, and material science, research work 
with electron probe microanalysis (EPMA) has 
been significantly expanded in recent years. 
The modern EPMA system requires not only high- 
precision data with good reproducibility, as 
in qualitative or quantitative analysis, but 
also vast amounts of data and rapid image pro- 
cessing as in area analysis.’~° The system 
also needs to be fully automated and complete, 
including control of the electron optical and 
scanning system. Moreover, the latest analy- 
tical instrument should have the capability of 
multi-user, multi-job function. Because EPMA 
needs increasing analysis volume and time, it 
is now necessary to process the previously ac- 
quired data while acquiring the present data 
by one or more persons. And since analysis 
methods and techniques are continuously ad- 
vancing, the analytical instrument must have a 
room for improvement or expansion, both in 
software and hardware. 

In this paper, we introduce an approach to 
coping with these various requirements by tak- 
ing a new automated EPMA system, the JEOL JXA- 
8600M, as an example. 


Hardware 


The hardware configuration of the JXA-8600M 
with an image processor is shown in Fig. l. 

In this system, three processors are used; the 
first (MPU} is used essentially to control the 
electron optical and scanning system; the sec- 
ond (APU), for data acquisition, including 
control of the stage, spectrometer, and MPU; 
and the third (HPU), for data reduction and 
total system management. 

The electron optical and scanning system is 
provided with intelligent, self-adjusting 
functions by MPU and allows external control 
(accelerating voltage, magnification, probe 
current, probe diameter, etc.) from HPU via 
APU. Data transmission between HPU and APU is 
achieved by sharing of the same common dual 
ported memory (DPM) with which the concurrent 
measurement and data reduction in each proces- 
sor is most efficiently executed. 

HPU is fitted with a 40MB Winchester disk 
(30 MB fixed and 10 MB removable), color 
graphic display, graphic plotter, and a power- 
ful image processor with a 4MB frame memory. 
High-speed image processing and particle anal- 
ysis are done on this image processor via its 
pipeline processor after voluminous area data 
are received from HPU through the DMA line. 


The authors are with JEOL Ltd., 1418 Naka- 
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Software 


Figure 2 shows the schematic memory arrange- 
ments for APU and HPU. Each processor shares 
the same memory region on DPM. At the stage 
of system start-up, the data-acquisition pro- 
gram of APU is downloaded through this DPM 
from HPU within a few seconds. 

When the downloading for APU is completed, 
the APU is activated and made ready to accept 
commands from HPU. More than 60 commands are 
available, including the simple control com- 
mands and several macro commands. The simple 
control commands are written in the efficient 
Assembly language; the macro commands, such as 
spectrometer peak seeking, data acquisition by 
spectrometer scanning or by stage scanning, 
and low-magnitude x-ray image photography, 
are written in the FORTRAN language. 

There are three regions--S, P, and D--in 
the shared memory. Region S holds system data 
on all present physical states of the system 
and a command buffer space to communicate be- 
tween the two processors, APU and HPU. Region 
P holds the parameters necessary for running a 
macro command. The data acquired by the macro 
command are stored into region D. When the 
acquired data fill up region D, an interrupt 
signal is issued from APU to HPU. During this 
acquisition time, the HPU can also execute 
other tasks. Thus, the two processors work 
concurrently, except when transferring the in- 
terrupt signal, so that the total analysis 
speed is very high compared with other multi- 
processor systems based on the DMA or serial 
communication method. 

Since the two processors only share the 
same common memory and exchange the interrupt 
signal, it is possible to improve or modify 
the software and/or hardware for each proces- 
er independently. It is thus possible to en- 
nance the quality of an application program of 
HPU without changing the software of APU. It 
is also possible to implement a new function 
by modification of the software/hardware of 
APU or by addition of a new intelligent device 
to APU without modification of the software of 
HPU. Thus, the instrument has a great capaci- 
ty to cope with any modification or future ex- 
pansion of the system. 


Analysts Program 


Based on the above-mentioned hardware and 
software, many analysis programs have been 
developed. Each analysis program written in 
FORTRAN-77 language has the following extreme- 
ly powerful performance. 


Qualitative Analysts. X-ray spectra (max. 
20) of several unknown specimens are acquired 
and displayed in real time by use of several 
types of analyzing crystals and saved into 
disk. Peak positions are automatically de- 
termined by use of second-derivative data of 
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FIG. 1.--Block diagram of JXA-8600M. 


acquired spectra. Element identification in 
three ranks is performed by comparison of the 
determined peak positions and intensities with 
the first-order characteristic x-ray lines 
(Ka, KB, La, L&, Ma, M8) of all elements. 

Peak assignment is made for up to 10th-order 
lines of all kinds of x rays for the identi- 
fied elements. All the above work is automat- 
ically accomplished during the measurement. 
Acquired x-ray spectra can be output onto a 
color display or graphic plotter, together 
with the identified element names at the cor- 
responding peak positions. Spectral expansion 
or contraction for the X or Y direction is 
possible by shift of the cursor with a mouse 
device attached to the display. One can also 
achieve manual element identificiation, by 
moving the KLM marker using the mouse. 


Quantitative Analysts. This program is 
based on a databased analysis technique. The 
chemical composition of a standard sample nec- 
essary for quantitative correction needs to be 
input only once. By calling a condition file 
that includes standard intensities, one can 
directly analyze unknown specimens without any 
elaborate setup of the measurement conditions. 
The results of the unknown specimen can be 
saved in a separate file and can be listed at 
any time, together with mean values and their 
standard deviations. It is possible to store 
1000 different measurement conditions, regis- 
ter 1000 different standard samples, and pre- 
set more than 32 000 analysis positions for 
unknown samples. This program can use several 
types of quantitative corrections, including 
ZAF, Bence & Albee, thin film (Philibert-Tixer 
or Reuter), and calibration curve methods. 


Line Analysts. The specimen stage is driv- 
en stepwise in any direction from the preset 
start position to the preset destination posi- 
tion at any interval (minimum 1 um) with any 
dwell time. X-ray intensities of up to 20 
elements on several unknown samples are ac- 
quired by means of several types of analyzing 
crystals and are saved into disk. The ac- 
quired spectra can be output onto a printer, 
color display or graphic plotter. 
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FIG. 2.--Schematic memory arrangements 
for APU and HPU. 


Area Analysis. Two-dimensional intensities 
{up to 20, each consisting of 1024 x 1024 pix- 
els) of x rays and/or electron image signals 
(SEI or BEI) are acquired by stage scan or 
beam scan for up to 50 analysis areas by use 
of several types of analyzing crystals and/or 
an image signal digitizer, displayed in real 
time and stored into disk. The acquired in- 
tensities of x rays or electron image signals, 
or element concentrations converted from then, 
can be output onto a color display or graphic 
plotter. It is also possible to transfer the 
acquired data to the image processor through 
the DMA line and to make a super-rapid image 
display and particle analysis. The image on 
the color display or image processor can be 
easily and instantly changed by a mouse or 
digitizer attached to their respective de- 
vices. 


Mantpulation Job Program. This program is 
a collection of some 70 different fundamental 
functions of EPMA analysis. With this pro- 
gram, one can control EPMA through key input 
as if he controlled it manually. Also, this 
program offers some useful frequently used 
utilities such as "Set spectrometer to element 
peak," "Peak seeking,'' "Linescan," and "Low- 
magnitude x-ray photography.'"' It is also pos- 
sible to schedule the execution of each com- 
mand by the programming facilities. 


Other Applteation Programs. Several other 
programs are available, including standardless 
semiquantitative analysis, trace-element anal- 
ysis, chemical-shift analysis and spectrum- 
deconvolution analysis, and various map display 
programs. With the standardless semiquantita- 
tive analysis program, one can obtain quantita- 
tive analysis data on an unknown sample from 
the qualitative analysis data without standard 
measurement. With the trace-element analysis 
program, one can determine the presence of some 
minor elements contained in a sample. With the 
spectrum-deconvolution analysis program, one 
can make quantitative spectrum separation by 
comparing the unknown spectrum with the stan- 
dard spectrum, 


Some Applteattons 


Example of Qualttative Analysts. Figure 3 
shows acquired spectra of an optical glass 
sample. Ail elements contained in this sample 
whose concentrations are above 1% are given in 
the A-rank element list. Table 1 shows the 
result and a part of a peak assignment list of 
the identified elements. 


Examples of Area Analysis. Figures 4-8 
show the macro-area analysis of Mg, Fe distri- 
bution in Cr-diopside mineral. The analyzed 
area is 20 x 16 mm and consists of 500 x 400 
pixels. In this analysis, characteristic 
x rays of Na, Al, Si, Ti, Cr, Mn, and Ca, as 
well as BEI signal, were measured. Detailed 
structure of compositional zoning of the min- 
eral can be seen clearly, which was hardly 
imagined from point or line analysis. 


TABLE 1.--Analysis result of optical glass. 


Result 
A-Rank : B C Q Si Ca Sr Y La 
B-Rank : Mn Zn Ga Rh Sm Lu Hf Re 
C-Rank : Vo Pr Os 


Spectrum no. = 1 Channel = { Crystal =NSTE 
Peak no. Peak Peak-Back Element Line (Order) 
¢mm> Ccounts) 
i 65.900 480. O KA ( i> 
Vv LAI,2 € 1) 
Sr LL ¢ 3) 
Y BS ¢ 4) 
Ca SKA4 ¢ 7) 
2 123.900 249. C KA € 19 
La MA ( 3> 
Pr MG ¢ 4) 
Sr LBS € 2 
Sr L84 £27) 
3 130.900 139. Sr LBI € 7) 
Sr Lb € 6) 
Si KB € 7) 
Si KBL (7) 
O KA « 2) 
4 161.000 3. La MB « 4 
Sr LBS € 9) 
Sr L84 ¢ 9) 
Y LAL C9) 
Y LA2 € 9) 
5 178.600 17. Sr LBS (10) 
Sr LB4 (10) 
Y LAL €10) 
Y lA2 (10) 
Y LN © > 
é 190.700 23°. B KA ¢ 1) 
Sr LAL 10) 
Sr LA2 109 
Sr LN ¢ 9) 
Si KB €10) 
? 207,206 33, La MA ¢ 5) 
Sr LN €10> 
Y Ll €10) 
Zn LAL,2 € 6 
Rh MG « 3) 


Conelustons 


We have introduced an EPMA system with dis- 
tributive processing capability and its appli- 
cation software. This kind of distributive 
processing will be more frequently used in the 
future EPMA system. In such a case, it will 
become a keypoint to determine the performance 
of the system, how properly the processors are 
arranged, and how effectively each processor 
communicates with others. 


References 


1. Y. Ono et al., "High-speed wide-area 
analysis by electron probe," Microbean Analy- 
sts--1985, 145. 

2. Y. Nagatsuka et al., "A high speed mac- 
ro area fine analysis and image processing 
system in EPMA," Proce. 11th Intern. Cong. on 
Eleetron Microscopy, 1986, 485. 

3. T. Miyokawa et al., "A new rigorous 
identification method for constituent element 
in EPMA," tbid., 555. 


Spectrum no. = 2 Channel = 3 Crystal =TAP 


Peak no. Peak Peak-Back Element Line (Order) 
mm> (counts) 
1 $5.400 34. La LL ¢ 2) 
Y LB4 { 1) 
Re LB2 { &) 
Re LBi5 « S> 
Sm LBI ¢ 3> 
‘3 67.700 Si. Y EBA € 1) 
Sr KBS « 8 
3 70.300 1480, Y LAI € 1) 
Os MA € 19 
Y LA2 € 1) 
Zn KB1,3 ¢ §) 
Lu LAL © 4) 
4 72.200 703. Sr LBI € 1) 
Pr LB3 ¢ 3) 
Y KBI ¢ 9) 
Y KAI ¢ 8) 
Y KAL,2 « 8) 
ts} 74.800 16466. Sr LAL € 1) 
Sr LA2 € 1) 
Os LB? ¢ 4) 
Vv KBI,3 € 3) 
Re LN € 8) 
é 77.600 Sid. Si KAI,2 € 1) 
Si KA2 € 1) 
Lu LG2 € &) 
Lu LBL cS 
Hf LL € 4) 
? 80.200 q9. La LB4 « 3) 
La LBL « 3) 
Pr LAI ¢ 3> 
Y iL € 49 
Rh L62,3 { 2) 
& 81.4600 I? Pr LG3 « 4) 
Pr LG2 ¢ 4) 
Sr LN ¢ 1) 
Y KA2 C9) 
Vo KAI { 3> 


12-NOV-86 QUALITATIVE ANALYSIS 


INTENSITY 
File no. : 424 
(Counts) Comment :GLASS 4) CH-5 TAP 
3) CH-3 LIF 
2} CH-2 PET 
Acc. vol. 45.0 {kv} Smoothing Yes 1) CH-1 NSTE 


Linear 

Scale 
4) 
3) 
2 
1) —— 

SPECT. -—-40.000 mm 

(mm) 62.000 102.000 142,000 482.000 222.000 


FIG. 3.--Acquired spectra with idenfied element label. 


TABLE 2.--Particle analysis example of Mg 


distribution. xexEK Summary KKERK 
File no. s 102 
Report no. : i 
Device name : BL3 
Comment : Particle analysis result for Mg 
Unit of length ¢: millimeter 
Coupling : 8 
iF 
Name Max Min Ave s.D 
Ss 99.244 0.14240 7.7181 23.056 
ML 14,568 0.63200 2.5331 3.2045 
PM 46.268 1.7760 7.8578 10.289 
: FH 13.640 0.60000 2.2682 3.0177 
2 FY 11.520 0.24000 2.0023 2.5387 
: CH 11.920 0.60000 2.0211 2.6548 
3 cy 10.600 0.24000 1.8541 2.3519 
: BD 12.376 0.29600 1.8618 2.7449 
: TH 167.9 7.6 77.2 56.9 
3 
; RD 41.241 6.42580 1.9136 2.4829 
SF1 2.97043 1.2985 1.8375 0.4502 
SF2 3.5786 1.0862 1.6775 0.5445 
SF3 2.6378 1.0532 1.5305 0.3836 
ND 8.3787 1.0807 4.7297 3.6489 
LD 4.4407 2.2528 3.4712 0.971038 


FIG. 4.~-Bird's-eye view of 
Mg distribution. 
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PROGRAMMING FOR KEYBOARD-OPERATED EDS-WDS MICROANALYSIS 


N. G. Ware 


The automated electronprobe has evolved into a 
machine operated entirely from the computer 
keyboard. The absence of knobs and dials, the 
functions of which must be replaced by compu- 
ter peripherals, places extra responsibility 
on the computer programmer. The software must 
translate the intentions of the operator into 
action by the machine without either abusing 
the instrument or wasting the user's time. In 
addition, it is essential that the software 
correctly solves analytical problems, neces- 
sary that it monitors the performance of the 
instrument, and desirable that it carries out 
bookkeeping and managerial tasks. Electron- 
probe software requires much development be- 
fore the potential of the current generation 
instrument is fulfilled. This paper describes 
the foundations on which a viable FORTRAN- 
based package may be constructed. 

The computer is responsible for driving a 
formidable list of components: wavelength-dis- 
persive (WD) spectrometers, the Si({Li) detec- 
tor, the specimen stage, the electron optical 
column, the electron detectors, the optical 
microscope, the vacuum system, photographic 
equipment, assorie: vicso terminalis, print- 
ers, and plotters as well as owner-added gim- 
micks such as loudspeakers, voice synthesiz- 
ers, and the room lights. Programming is sim- 
plified if it is limited to driving a particu- 
lar installation and performing only the anal- 
yses likely to be demanded of it. However, 
the resulting software can then be used only 
with the individual instrument and cannot be 
tested or improved at other laboratories, 

The extra effort by the owner-programmer in 
designing a package usable by other laborato- 
ties is well worth while; allowance should be 
made for all combinations of crystals, spec- 
trometers, and specimen stages and provision 
made for the widest range of operating condi- 
tions and analyzed chemical elements. 

Quantitative x-ray microanalysis is the 
primary function of the.electronmicroprobe, but 
the software package should be designed so 
that other tasks may be included such as x-ray 
spectroscopy, model analysis, compositional 
mapping, and image analysis. This goal is ac- 
complished by the familiar expedient of having 
a number of programs performing different 
tasks but sharing data stored in data files. 
Furthermore, in a multi-user computer system, 
it is possible, first, to have programs spawn 
each other; and second, to activate a command 
file at log-on time that runs the main menu 
program. Thus the electronprobe user need 
know nothing about computer control languages 
and need only to be told to type a simple mes- 
sage such as HELLO PROBE/GDAY (account PROBE, 
password, GDAY, in the DEC RSX system) to gain 
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access to the main menu and subsequent user- 
friendly dialog. However, this low level of 
security would cause problems at many multi- 
operator laboratories. It is best that the 
initials of the operator be entered, together 
with a security code issued on passing a driv- 
er's test, before the main menu is displayed. 
Then all calibrations and changes to data 
files can be tagged with the date and initials 
of the operator. Since anything done to the 
machine may be recorded, accounts of machine 
usage may be made automatically. Only public 
files need be read by the main menu system; 
extra security, at the discretion of the probe 
manager, may be given to the laboratory ac- 
counts and certain instrumental parameter 
files. 

The electronprobe may be driven by the key- 
baord in two ways. Instructions in the form 
of fairly lengthy mnemonics may be typed, or 
all the keys may be assigned functions and de- 
scriptions of the functions displayed on the 
terminal screen. It is not possible to dis- 
play all possible functions simultaneously but 
the entire instrument may be covered by use of 
only four driving programs: 


A. Specimen stage and simple scanning 
driver. This program is the most frequently 
used and allows the operator to position the 
beam at the required spot on the specimen. 
The specimen may be examined by optical or 
scanning electron microscopy (SEM} and the 
spot selected by moving the stage or deflect- 
ing the beam. The program may include a sam- 
ple changing routine where the computer oper- 
ates the vacuum system and displays instruc- 
tions as to sample manipulation. 

B. Electron column. This program allows 
selection of the accelerating voltage, beam 
current, spot size, and scanning raster. The 
actual lens currents may be displayed and the 
times of switching the filament heater re- 
corded. 

C. WDS spectrometers. Used for setting 
bias voltages and the pulse height analyzer, 
changing crystals, driving the spectrometers, 
and measuring count rates. 

D. SEM and camera driver. Used for ob- 
taining all images and for photography. 


A fifth program may be required if the EDS 
system has no independent multichannel analyz- 
er (MCA). Programs B, C, and D may be spawned 
in turn by program A. 

The display and mode of operation of these 
programs should be designed to satisfy the 
preferences of the users. A display scheme 
that has proved satisfactory is exemplified in 
Figs. 1 through 4; a description of the pro- 
gram is given at the top of the screen, the 
functions of the command keys are in the mid- 
dle, and a line of switching keys is displayed 
near the bottom of the screen. Data input and 
transient instructions and warnings would ap- 
pear at the very bottom of the display. For 
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example, Fig. 1 shows a display for program A 
written for the CAMECA SX50. The functions of 
the instrument's thumbwheels are displayed at 
the top right corner; they move the stage in 
the X, Y, and Z directions. When the keyboard 
letter 'T' is touched, the message 'Stage' 
switches to 'Screen' and the thumbwheels then 
move a marker on the CRT displaying the elec- 
tron image. The other switching keys work in 
a similar way; touching 'F' switches the Fara- 
day cup IN or OUT; "L'"' switches the microscope 
lamp 'ON' or 'OFF'; 'R' switches between re- 
flected and transmitted light, and so on. 
Typing 'G' switches the scan generator on or 
off, typing 'P' switches the beam from point 
to area scan, and 'A't selects the area scanned 
between magnification x100 and x80 000. The 
operator may move the stage by a number of mi- 
crons defined by Q and S by typing X, Y, or Z. 
'S' may be switched between 1 and 1000 ym and 
'Q' is either plus or minus. Moving the stage 
in this way is useful if the thumbwheels are 
in use controlling the beam. Typing 1, 2, or 
3 spawns the other driving programs. Some 25 
keys are activated by this program, yet the 
whole display is assimilated at a glance and 
requires only a few minutes of operation for 
familiarity. 

Figure 2 shows the terminal display of a 
program for selecting points for automatic 
quantitative analysis on a CAMEBAX MICROBEAM 
electronprobe. Here the whole procedure is 
run from a single screen display and the 
stage-driving protocol has been built into the 
main program. This program tends to be used 
in preference to the alternative sequential 
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dialog method. 

A spectrometer handling routine that could 
be modified for use on any automated micro- 
probe is illustrated in Figs. 3 and 4. Figure 
3 shows the display for all spectrometers si- 
multaneously (limit of 5 spectrometers); this 
feature is useful for manual x-ray spectrome- 
try and for starting up and switching off the 
system. Figure 4 shows the display for con- 
trolling a single spectrometer, used as part 
of the WDS calibration procedure. 

The role of the ED spectrometer when fitted 
to an automated microprobe is primarily that 
of phase identification. Frequently the oper- 
ator is familiar with the spectra of the 
phases in the sample and can make a phase i- 
dentification by a glance at the EDS spectrum 
after less than 1 s accumulation of x rays. 
The old-fashioned hardwired multichannel anal- 
yzer (MCA) coupled to the computer by a fast 
interface (e.g., IEEE) provides a cheap and 
very efficient EDS display device for the au- 
tomated probe. KLM markers and color displays 
are not required. When the spectrum is unfam- 
iliar and when x-ray peak identification is 
ambiguous, the fastest way to resolve the 
problem is by use of the WD spectrometers. 

It is important that the MCA be controlled 
by the computer; the ED spectrometer then 
becomes part of the keyboard system and may be 
used by phase identification and quantitative 
analysis programs. Programming for combined 
ED and WD quantitative analysis is made easy 
when the two types of spectrometer share the 
same data files and are controlled by the same 
program. 
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ELECTRON PROBE MICROANALYSIS OF Be IN Cu-Be ALLOYS WITH THE USE OF 
A LAYERED SYNTHETIC MICROSTRUCTURE DISPERSION ELEMENT 


D. A. Sentner and H. I. Heitur 


Beryllium analysis in the electron microprobe 
is possible with the use of synthetic ligno- 
ceric, cerotic, or melissic acid analyzing 
erystals.+ The long-term stability and low 
peak reflectivity of the synthetic acid crys- 
tals limit their practical use and commercial 
availability. Layered Synthetic Microstruc- 
tures (LSM) have been synthesized and used as 
analyzing crystals for the detection of boron, 
carbon, nitrogen, and oxygen in electron mi-~ 
croprobes and x-ray fluorescence system.?+? 


Experimental Method 


A boron carbide/molybdenum LSM with a 
spacing of 2d = 198 A was prepared (by 
Ovonic Synthetic materials, Inc.} and in- 
stalled in a Cameca MBX electron microprobe. 
Stretched polypropylene was used for the col- 
umn and detector windows. P-10 gas was used 
in the detector. Microanalysis was performed 
with an accelerating voltage of 10 kV and cur- 
rent of 0.1 yA. Beryllium Ko intensity mea- 
surements were performed for 60 s. Analysis 
standards were prepared from pure beryllium 
metal and beryllium oxide. Beryllium carbides 
and copper cobalt beryllides were precipitated 
in a copper-beryllium alloy to test the abili- 
ty of the LSM analyzer to detect beryllium in 
micron-size phases in a copper-rich matrix. 


Results 


Limited-range spectral scans of the beryl- 
lium metal, beryllium oxide, beryllium carbide 
and cobalt beryllides are shown in Fig. 1. 

The beryllium Ka peaks in the oxide and car- 
bide spectral scans show a measurable shift in 
wavelength relative to beryllium metal. The 
wavelength values have not been corrected to 
account for refraction. 

The measured beryllium Ko peak intensities 
for pure beryllium metal, beryllium oxide, and 
precipitated beryllium carbide and cobalt 
beryllide are compared in Table 1. Background 
measurments were taken above and below Be Ka 
peaks and averaged. 

A secondary-electron image of precipitated 
beryllium carbides in a copper-rich matrix and 
the corresponding beryllium, copper, and car- 
bon elemental distribution images are shown in 
Fig. 2. 

Beryllium levels in cobalt beryllides pre- 
cipitated in a copper-rich matrix were docu- 
mented by elemental line scans and distribu- 
tion images. Figure 3 contains a secondary- 
electron image and the corresponding elemental 
line scans for beryllium, copper, and cobalt 
from a precipitated cobalt beryllide. Elemen- 
tal distribution images of beryllium, copper, 
and cobalt from a stringer of cobalt beryl- 
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lides are shown in Fig. 4. 


Summary and Conelustons 


An LSM analyzing crystal was used in an 
electron microprobe to detect beryllium. 
Beryllium peak locations and intensities were 
documented for beryllium metal, beryllium ox- 
ide, beryllium carbide, and copper-cobalt 
beryllide. The ability to detect beryllium in 
micro-size phases in a copper-rich matrix was 
illustrated with elemental distribution images 
and linescans of precipitated beryllium car- 
bides and cobalt beryllides. 
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FIG. 1.--Beryllium Ka spectral sean for (a) 
beryllium metal, (b) Be,C, (c) BeOQ, (d) CoxBey. 
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FIG. 3.--Secondary-electron image of precipitated 
cobalt beryllides (top) and corresponding element- 
al linescans for berrylium, cobalt, and copper. 


TABLE 1.--Beryllium Ka peak and background in- 
tensities for beryllium metal, beryllium oxide, 
beryllium carbide, and copper-cobalt beryllide. 


Be Ka Intensities 


Peak Background 
Specimen (counts/s) (counts/s) P/B 
Be 5711.20 107.60 53.07 
Be,C 1391.20 33.46 41.57 
Bed 187 .87 39.85 4.71 
CoxBey 110.28 12.38 8.91 
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HYDROGEN DETECTABILITY IN URANIUM BY U NyyOy;y PEAK SHIFT 


K. A. Thompson and L. R. Walker 


A distinct shift in the uranium Ny]OTy x-ray 
line has been observed for several light ele- 
ments (including hydrogen) bonded to uranium. 
Elements above beryllium in atomic number can 
be directly detected from their own x-ray 
emission lines, whereas hydrogen can only be 
detected indirectly by secondary effects. 
This development makes for a promising method 
of detecting hydrogen in materials with soft 
x-ray lines from orbitals that are involved in 
chemical bonding. Other effects, such as 
crystal orientation, purity of standards, and 
spectrometer reproducibility, also must be 
considered; each of these considerations will 
be discussed in more detail. 

Of the many microanalytical techniques a- 
vailable, only a few can detect hydrogen: the 
nuclear microprobe,’ the laser microprobe, ? 
secondary ion mass spectroscopy (SIMS), and 
electron-stimulated desorption microscopy, * 
and possibly some others. Only the first 
method is easily quantitative, but it is also 
fairly expensive and not readily available. 
The other techniques are commercially avail~ 
able but have large ranges of elemental sensi- 
tivities with high matrix dependencies, which 
makes quantitative results more difficult to 
obtain. If these techniques are not avail- 
able, another possible method to detect hydro- 
gen is to study secondary effects, such as a 
reduced average atomic number in the backscat- 
tered electron signal from a scanning electron 
microscope, or (by use of an electron micro- 
probe) observation of a possible soft-x-ray 
peak shift caused by chemical bonding. 

Some commercially available backscattered 
electron detectors can be calibrated, but oth- 
er contrast mechanisms may interfere with this 
calibration, such as grain orientation. Yet 
even with this difficulty, the backscattered- 
electron signal is very useful in finding ar- 
eas of interest, which can then be studied in 
more detail. Other contrast mechanisms that 
may interfere include directional effects, 
such as blocking--especially a problem on 
rough surfaces--and magnetic contrast. 

X-ray shifts have been noted previously for 
several elements, usually with atomic numbers 
below 20.* In most cases, these elements have 
only one primary x-ray emission line that in- 
volves electron orbitals directly influenced 
by chemical bonding. Boron, carbon, oxygen, 
and fluorine have all been studied as to the 
peak shape and shifts.° These investigations 
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were concerned with finding a method of quan- 
tification, complicated because of these ef- 
fects. Aspect ratios were used to overcome 
this problem, but in many cases bring on other 
problems such as crystal orientation. Even 
with these added difficulties, quantitative 
results can be obtained with due care for de- 
tails. 

All the peak shifts mentioned thus far are 
small enough so that high-resolution spectrom- 
eters (WDS) with appropriate crystals with 
energy resolutions of the order of one eV must 
be used. In fact, if the main goal is to do 
quantitative elemental analysis, it may be 
more appropriate to use a crystal with moder- 
ate resolution in order to diffuse any peak 
shifts. A particularly good example is alum- 
inum oxide, in which the calculated composi- 
tion varied nearly 20% for a high-resolution 
crystal, but <5% for a moderate-resolution 
crystal.’ 

In addition to the light-element peak 
shifts, some heavier elements also exhibit 
similar phenomena. One such case is the Fe LB 
and Ly peak shifts that have been reported 
for Fe** and Fet? coordination species.® For 
this case, the peak shift allowed the coordi- 
nation number for Fe to be determined for sev- 
eral compounds, some of them containing ele- 
ments that would otherwise be difficult to 
quantify with the WDS. This type of example 
shows that one might detect elements that lack 
x-ray emission lines with energies that can be 
studied with the usual WDSs. By study of sub- 
tle differences in soft-x-ray shapes and peak 
positions of heavier elements as related to 
chemical bonding, more information may be a- 
vailable than otherwise possible. But this 
method also requires more care in choosing 
specific standards similar to the unknown to 
be studied; moreover, interference effects 
must also be considered. 


Results and Dtscusston 


In the study of uranium and uranium alloys, 
it is not uncommon to find inclusions of ura- 
nium along with oxygen, nitrogen, and/or car- 
bon, which can all be detected by the electron 
microprobe. By use of a Lead Stearate (LSD) 
crystal with a lattice spacing of 50 R, all 
these elements are easily detectable, with a 
slight interference of the C Ka peak with the 
uranium Nyj[OTy peak, separated by 7 ev, which 
does not normally cause too much trouble. Oth- 
er alloying materials can also be studied with 
relative ease, but a problem exists if ele- 
ments below boron are present. These light 
elements may show up in the backscattered elec- 
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tron image, but a question still exists wheth- can be determined by the peak-shift method. 


er this is a real compositional change, a Other effects besides chemical bonding were 
crystal orientation effect, or some other ar- observed to cause an apparent peak shift. 
tifact. A possible solution is to study the Room temperature changes caused the peak to 
effects of these light elements on the uranium shift ~0.05 eV in an overnight run. (Evident- 
Ny[Ory peak. As a direct application, the de- ly the temperature drops a couple of degrees 
tectability of hydrogen was studied with re- overnight, an effect normally handled by re- 
gard to this U Ny;O;y peak shift. calibration.) Changing from the LSD crystal 
Figure 1 shows an U NyyOyzy overlay for pure to some other crystal and then returning to 
uranium and the hydride. These spectra were the original also changes the apparent peak 
obtained in %20 min, with an electron-beam position by as much as 0.1 eV. Moving the 
current of 200 nA at 10 kV, focused to a 4um? electron beam away from the spectrometer plane 
spot. Carbon contamination from the electron of focus also causes a peak shift; therefore, 
beam caused a shoulder to build up on the low- an inclined spectrometer was used to minimize 
energy side of the peak and was minimized by height restrictions, and the beam was aligned 
use of a cold finger and an air jet above the optically to keep this effect below 0.01 eV. 
sample. All these effects could be minimized with due 
In addition to this precaution, and entire care, but they show the importance of studying 
spectrum could be accumulated in <2 min with the system completely and finding any other 
adequate statistics to find the centroid. The possible causes for a peak shift before at- 
samples were freshly polished shortly before tributing the shift to a chemical effect. 
each study to insure a minimum amount of oxi- 
dation, verified by study of the O Ko x-ray References 


line. The hydride peak was found to be shift- 
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3A. SEM: Low Voltage 


HIGH-RESOLUTION LOW-VOLTAGE SCANNING ELECTRON MICROSCOPY OF UNCOATED BIOLOGICAL 
SPECIMENS FIXED BY THE FREEZE SUBSTITUTION FIXATION METHOD 


Masako Osumi and Takashi Nagatani 


Previously we employed a high accelerating 
voltage (HV) (20-25 kV) for scanning electron 
microscopy (SEM) in order to obtain as high 
resolution as possible.+»* SEM usually re- 
quires coating of the specimen because biolog- 
ical specimens have no conductivity. We have 
tried a variety of methods to achieve the 
thinnest and finest coating possible to mini- 
mize granularity of the metal. One of the 
methods was the production of a 2nm-thick 
platinum-carbon film by electron beam evapora- 
tion.? However, we concluded that HVSEM im- 
ages of these specimens present a problem: the 
specimen is artificially coated no matter how 
thin or fine the coating film is, or how high 
the image resolution is. To avoid this prob- 
lem, low accelerating voltage (LV) was em- 
ployed because the electron beam will not pen- 
etrate deeply into a biological specimen at an 
accelerating voltage lower than 3 kV. There- 
fore, an LVSEM image will represent a more ac- 
curate surface profile than an HV one does, 

In this study, high-fidelity SEM images of 
uncoated biological specimens were produced 
with the SEM operating below 2 kV. Fortunate- 
ly, we have succeeded in the freeze substitu- 
tion (FS} fixation of yeast cells. It has en- 
abied both ultrathin sectioning and SEM obser- 
vation, *~° because the specimens obtained by 
FS fixation have good conductivity. After 
this treatment the yeast cells were surveyed 
with an ultrahigh-resolution that SEM com- 
prises a cold-cathode field-emission gun and 
an in-lens system for specimens at 0.6-2 kV. 
The images were compared with those obtained 
by conventional HVSEM and by transmission 
electron microscopy (TEM) of ultrathin-sec- 
tioned specimens. Thus, we obtained more dy- 
namical three-dimensional images than those of 
freeze fracturing of yeast cells.’*° 


Exepertmental 


Cells of the hydrocarbon-utilizing yeast 
Candida troptealis, the methanol-utilizing 
yeast C. boidinit, their fusants, and Saechar- 
omyces cerevisiae were used. The cells were 
sandwiched between two copper platelets 
(grids), which were then plunged into liquid 
nitrogen cooled Freon 23 as rapidly as possi- 
ble and transferred to liquid nitrogen. Sub- 
sequently, the two copper platelets were sepa- 
rated and soaked in freeze substitution fluid, 

% osmium tetroxide in absolute acetone, at 
80 C for 48 h. After a gradual return to room 
temperature, the specimens (on one grid) were 
dehydrated, subjected to critical-point dry- 
ing, and observed with a Hitachi ultrahigh- 
resolution FESEM (the S-900) at 0.6-2 kV. The 
other grid was prepared for the TEM observa- 
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tion. Thus, one development in our FS fixa- 
tion method is that specimens attached to one 
copper disk (or grid) can be used for SEM and 
those on the other grid can be used for TEM 
(Fig. 1). 

The fine structure of uncoated yeast cells 
was found to be preserved in an extremely good 
condition within an accelerating voltage of 
0.6-1.2 kV when they were examined with the 
S-800 SEM.° Although the images formed at an 
accelerating voltage of 0.8-0.9 kV accurately 
represented the structure, a voltage between 
1.0 and 1.2 kV can be considered to offer op- 
timum image quality. In the ultrahigh-resolu- 
tion S-900 SEM, the cells show higher resolu- 
tion and a higher-fidelity image?® (Fig. 2a). 
The outermost cell surface can be seen to con- 
sist of fine filaments, which present quite a 
different image from that of the coated cells 
and their HVSEM images.’° This cell is grow- 
ing in methanol as the sole carbon source. 

The nucleus N, mitochondrion M, and microbody 
Mb are clearly seen in the cytoplasm of the 
fractured cell. Im addition, the ribosomes 
(indicated by the arrow) are identified. 

These images correspond to those of intracellu- 
lar organelles in the TEM image (Fig. 2b). 

Figure 3 shows images of the yeast cell sur- 
face. In the PF (Fig. 3a) and EF (Fig. 3b) 
faces of the cell membrane, membrane invagina- 
tion (CMI) can be observed. Furthermore, as a 
gratifying result, intramembranous particles 
(IMP) were detected. In the higher-magnifica- 
tion image (Fig. 4), there are many particles 
distributed homogeneously. The diameter of 
these intramembranous particles is not homo- 
geneous; the smallest one is aobut 10 nm and 
the largest about 20 nm. The particles pre- 
sent a more three-dimensional image than is 
seen in freeze replica images.’ We believe 
this is the first identification of intramem- 
branous particles by SEM. These images corre- 
spond to freeze replica images. However, the 
number of these intramembranous particles in 
the EF face (Fig. 4b) appeared to be the same 
as those of the particies in the PF face 
(Fig. 4a), which usually has more than the EF 
face, 

Figures 4(c) and (d) are the images of the 
PF face of the cell membrane treated with the 
antifungal agents rimoprogin and sulconazole 
nitrate, respectively. The images are quite 
different from that of the normal cell mem- 
brane (Fig. 4a). 


Coneluston 


High fidelity SEM images were produced by 
application of low accelerating voltage to un- 
coated biological specimens fixed by the 
freeze substitution method. In addition to 
several intracellular organelles, free ribo- 
somes in the cytoplasm and intramembranous par- 
ticles of the cell membrane were identified, 


FIG. 1.--Procedure of freeze-substitution fixation 
method for SEM and TEM observations. (CPD: criti- 
cal-point drying.) 
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FIG. 2.--(a) SEM and (b) TEM: 
images of fusant FUS-5 and 
Candida boidinit cells, res- 
pectively, grown in methanol. 
Celis were fixed by freeze- 
substitution method. (a) 

25 800%, (b) 23 000x. 
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The SEM image of fractured yeasts revealed a 
more undulated topography than the TEM images 
obtained by freeze-replica. With this new in- 
formation the previous model of a yeast celi?+ 
was modified as shown in Fig. 5.* 

Needless to say, optimum freezing is an es- 
sential condition. Future subjects for study 
include (1) development of a better method of 
preparing enhanced conductivity of biological 
specimens and (2) achievement of higher reso- 
lution at LV. Then we should be able to iden- 
tify several organelles in the cell by SEM, 
such as ribosomes attached to the nuclear mem- 
brane, microtubules in the nucleus, the Golgi 
apparatus, and actin filaments. 


Abbreviations 


BA Bud scar 

CM Cell membrane 

CMI Invagination of 
cell membrane 

Cry Crystalloid 

CW Cell wall 


TrER Rough endoplasmic 


reticulum 


SER Smooth endoplasmic 


reticulum 
F Filament 
Golgi apparatus 
Gly Glycogen 
L Lipid 


Mitochondrion 
Microbody 
Microtubule 
Nucleus 

Nuclear envelope 
Nuclear pore 
Nucleolus 
Polyphosphate 
Ribosome 

Spindle pole body 
Vaculoe 

Vesicle 

Vacuolar membrane 


FIG. 3.--(a) PF and (b) EF faces of cell membrane of whole cells (same specimen as in Fig. 2a). 
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LOW-LOSS ELECTRON IMAGES OF UNCOATED NONCONDUCTING SAMPLES IN THE SCANNING ELECTRON MICROSCOPE 


Oliver C. Wells 


The way in which nonconducting samples become 
charged under electron irradiation in the 
scanning electron microscope (SEM) was inves- 
tigated theoretically and practically by 
Knoll.* He showed that one could essentially 
eliminate charging by operating with a beam 
energy Eg at the "second crossover" potential, 
where the combined secondary electron (SE) and 
backscattered electron (BSE) coefficients is 
unity. Thornley and Cartz used this idea to 
obtain SE images from uncoated ceramics in the 
SEM.2. At the present time, this method is 
used routinely for the examination of uncoated 
microelectronic samples such as patterns in 
photoresist. 

We can also reduce charging artifacts by 
working with the BSE image.* This method is 
successful when the charging is serious enough 
to affect the SE, but not so bad as either to 
deflect the incident beam or to affect the 
BSE. During these early investigations, the 
BSE were collected with a scintillator-light- 
pipe-photomultiplier system in which an alumi- 
nized scintillator is brought close to the 
specimen to subtend a large collecting solid 
angle.*~® 

In one version of the BSE image, a retard- 
ing-field energy filter rejects electrons that 
have lost more than a chosen energy Ejoss to 
give a low-loss electron (LLE) image. This 
scheme, which is based on an idea proposed by 
McMullan? and which was demonstrated by 
Wells,*° works well in showing topographic 
and electron channeling contrast, and has a 
shallow information depth. The LLE image 
gives clear images from a nonconducting sample 
such as uncoated photoresist under conditions 
when the SE image shows serious charging arti- 
facts.?? A bibliography on LLE imaging tech- 
niques has been published by Wells.*? 

The energy-filtering detector used in this 
work is shown in Fig. 1. The specimen is 
mounted at a glancing angle of 30° to the in- 
cident electron beam. The retarding field is 
accurately aligned with the scattered elec- 
trons by concentric spherical grids. Elec- 
trons that pass through the second (filter) 
grid are collected by a scintillator-lightpipe- 
photomultiplier collector system. 

The energy resolution of an energy filter 
becomes worse as the acceptance solid angle is 
increased. With the present detector, the ac- 
ceptance angle is a cone with semi-angle 30° 
at an angle of 50° from the axis of the SEM. 
This arrangement is needed to collect the LLE 
signal. Palmberg’* improved the voltage reso- 
lution of a retarding-field energy filter with 
a similar acceptance solid angle by using two 
filter grids connected together, which was 
also done here. Palmberg obtained a voltage 
resolution of 2 eV with Ep = 1 keV. There is 
therefore no fundamental problem in designing 
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a detector with an energy resolution of 0.2%. 
Thus, if Ep = 5 keV, the resolution of the 
energy filter can in principle be as good as 
10 eV. This detector would reject electrons 
that have suffered a single inelastic event. 
(With the present unit, the voltage resolution 
is 1%.) 

In the present work, SE images were ob- 
tained with the usual SEM detector. In ear- 
lier work, SE were collected by the LLE detec- 
tor with both grids at +200 V and the scintil- 
lator at +12 kV. The charge potential on the 
specimen was measured with the LLE detector 
used as an energy filter. 

For LLE work, the input grid is grounded. 
The filter grid is at typically +200 V rela- 
tive to the SEM cathode. The scintillator is 
at +12 kV relative to the filter grid. This 
second condition insures that the LLE (which 
emerge with a low energy through the filter 
grid) are collected over the entire mesh area, 
and that they enter the scintillator with a 
high enough energy for noise-free detection. 

The LLE detector was mounted on the left of 
the specimen chamber of a Cambridge Instru- 
ments S-250 MK ILI. The specimen was tilted 
to the left so as to face toward the collec- 
tor. An ion gauge was mounted (with a light 
trap) onto the specimen chamber. The ion- 
gauge control unit was set to cut off the pow- 
er to the LLE detector supplies if the vacuum 
rose above 5 x 10°° Torr. The scintillator 
potential was +12 kV minus the accelerating 
potential; thus, if Ey = 5 kV, a scintillator 
potential of +7 kV is appropriate. 

The uncoated photoresist samples shown in 
Figs. 2, 3, 5, and 6 were provided by M. Hat- 
zakis, who writes: "The pattern was exposed 
in 3uym-thick photoresist by contact printing 
using a Hg arc source. The photoresist was 
AZ-1350J and the developer was AZ developer. 
These are registered trademarks of the Azo- 
plate Division of American Hoechst Corp., Som- 
erville, NJ 08876. The material was supplied 
by Shipley Co., Newton, Mass." The photore- 
sist shown in Fig. 4 was from a reject sample. 

The LLE micrographs shown here were all ob- 
tained with a glancing angle of incidence of 
30° and with Ejoss = 200 eV. The recording 
time was 30 s for the low-magnification micro- 
graphs, and 60 s for the high. (A single slow 
scan for recording the image is satisfactory 
for a sample such as photoresist that does not 
charge very badly. For more serious charging, 
a repetitive fast scan with the image inte- 
grated by an image store will probably be need- 
ed. This problem is discussed below.) 

The beam energy Eo while Figs 2 and 3 were 
recorded was 2.5 keV, which is above the sec- 
ond crossover and thus gives rise to specimen 
charging that seriously degrades the SE image 
(Fig. 2). An LLE image from the same sample 
does not show any charging (Fig. 3). The 
charge potential was measured with the detector 
operated as an energy filter for SE, and was 


found to be less than 10 V. The charging ar- 
tifacts in the SE image can therefore be at- 
tributed to the sensitivity of this type of 
image to potentials on the specimen, which is 
much less serious if the faster electrons are 
collected. 

The LLE image (from a different uncoated 
photoresist sample) with Ey = 1.6 keV shows 
topographic details much more clearly than is 
the case for the SE image (Fig. 4). (This 
comparison pair also shows that parts of the 
surface that face away from the detector can- 
not be seen in the LLE image.) 

If Eo = 10 keV, the charging with the SE 
image becomes so bad that it is impossible to 
record a proper image with a 60s scan (Fig. 
5a). The LLE image is still satisfactory 
(Fig. 5b). Images taken from the developed 
edge of the photoresist show that the LLE im- 
age is better than the SE image for showing 
surface details under these conditions (Fig. 
6). 

Preliminary experiments with more massive 
nonconducting samples have run into difficul- 
ties caused by the deflection of the incident 
electron beam. It is believed that this de- 
flection is caused by the use of a slow re- 
cording scan rate; preparations are being made 
to record images with a faster scan rate and 
an image store. This work is continuing. 
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FIG. 2.--This low-magnification SE image of 
uncoated photoresist is spoiled by specimen 
charging. 

FIG. 3.--LLE image of same sample as in Fig. 2 
at higher magnification; charging artifacts 
are insignificant. 

FIG. 4.--Comparison pair to show surface de- 
tails: left, SE image; right, LLE image. 

FIG. 5.--With primary energy of 10 keV, SE 
(left) shows serious charging, LLE image 
(right) is still clear. 

FIG. 6.--Developed edge of uncoated photore- 
sist. LLE image (right) shows surface details 
more clearly than SE image (left). These mi- 
¢érographs are from a report in preparation 
on.imaging of surface structures in LLE image. 
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VOLTAGE CONTRAST MECHANISM OF SEM IMAGES OVER PASSIVATED DEVICES 


N. Sugiyama, S. Ikeda, and Y. Uchikawa 


Inspection of microelectronic devices by a 
scanning electron microscope (SEM) is very 
promising. The SEM provides a high spatial 
resolution with a large depth of focus, which 
results in a wide area of view at a time. 
These characteristics are very favorable for 
device inspection. Furthermore, the SEM can 
visualize a voltage profile of electrodes un- 
der passivation as a contrast in the secondary 
electron (SE) images of the passivated de- 
vices. The contrast is often referred to as 
voltage contrast, since it has been believed 
that the contrast originates from local varia- 
tion of the SE signal caused by the voltage 
distribution over the passivation surface. 

The contrast undergoes different variations 
with observation depending on the imaging con- 
ditions, which has made a consistent interpre- 
tation of the contrast mechanism difficult. 

In the present paper, we first review our 
previous work on SE images of the passivation 
surface*»* and then describe an experiment to 
investigate the contrast mechanism, We also 


show that the result obtained can be explained. 


by the physical model we have proposed previ- 
ously. 


Previous Work 


We first summarize our previous work on the 
contrast mechanism. 


1. <A conventional, nonenergy-selective 
(Everhart-Thornley}) SE detector is used. 

2. We can classify the contrast variations 
induced by electron-beam (EB) irradiation over 
the passivation into two qualitatively dis- 
tinguishable processes: reversible or irre- 
versible. 

3. We discovered that at a low primary 
electron energy (E, = 1 keV) the voltage con- 
trast over the pasSivation undergoes a regular 
course of variation (Fig. 1). That is, when a 
different voltage is applied to electrodes, 
the voltage contrast appears in the first 
frame of imaging and disappears gradually as 
the imaging advances shown in the 3rd (b) and 
10th (c) frames. The voltage contrast does 
not recover as long as the EB irradiation con- 
tinues. But as soon as the applied voltages 
are turned off, the contrast of polarities op- 
posite to that in (a) appears as in the first 
frame (d). This contrast also disappears as 
the imaging continues through the 3rd (e) and 
the 10th (f) frames. One can reproducibly re- 
peat the whole process of the contrast varia- 
tion by turning on and off the applied vol- 
tages to the electrodes. ; 

4. The micrograph of Fig. 2 shows a typi- 
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cal frame of the irreversible imaging process 
of contrast variation observed at Ep = 2 keV. 
As shown, bright negative charge clouds swarm 
along with the EB irradiation. This process 
is irreversible in the sense that the con-. 
trast never disappears throughout the observa- 
tion and does not change its polarity even 
when the applied voltages to the electrodes 
are turned on or off. 

5. One can clearly distinguish the two 
processes of contrast variations by observing 
whether the contrast over the electrodes re- 
verses its polarity when the applied voltages 
are turned on'and off. 

6. There is a clear threshold of imaging 
conditions Ep and $p, the incident angle of 
primaries with respect to the surface normal 
of sample, between the two processes of the 
contrast variations (Table 1}. The angles $p 
listed in the table are the threshold values 
below which the irreversible process takes 
place for each value of Ep- We found that the 
product Ep cos*dp ( = En) becomes constant, 

Ec = 2 keV, at the threshold imaging condi- 
tions and does not depend on the other parame- 
ters of imaging such as magnification, primary 
beam current Ip, and scanning time ts. 

7. En denotes the component of the veloci- 
ty of primaries (in eV) normal to the specimen 
surface and should be related to the normal 
penetration depth of the primaries from the 
specimen surface.’ Therefore, it is quite 
reasonable to consider that the above results 
indicate that the irreversible contrast varia- 
tion (i.e., negative charge accumulation) 
takes place when the primaries penetrate be- 
yond a definite depth from the surface. 

8. It is hardly possible to explain these 
experimental results by the effect of the sur- 
face potential distribution resulting in the 
jocal variation of the emission yield? and/or 
the signal detection efficiency” of the secon- 
daries. , 

9, We postulated the existence of an ariom- 
alous surface layer within the passivation 
(Fig. 3), and explained that the contrast 
arises from the internal electric field pro- 
duced across the surface layer.. One can also 
successfully explain the reversible contrast 
variation by taking into account the carrier 
mobility within the surface layer. Thus we 
proposed an interpretation of an "internal 
electric field contrast! based on a postulated 
"anomalous surface layer model." 


Experimental 


To examine our contrast model, we carried 
out another experiment with cover glass slips 
as a specimen prepared as follows (Fig. 4). 
Aluminum electrodes were evaporated onto the 
bottom surface‘ to simulate actual passivated 
devices. Half of the top surface was coated 
by a carbon layer 8 nm thick and was connected 
to the ground potential. We adjusted the SEM 
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FIG. 4.--Schematic of specimen. 
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so that both the carbon-coated and the uncoat- 
ed areas of the glass surface come into view 
at the same time. 

At first, we selected the primary electron 
energy at Ep = 5 keV with the Al electrodes 
connected to the ground potential (Fig. 5a). 
Bright clouds appear flooding over the uncoat~ 
ed surface (right half) showing immediate 
charge accumulation over that area. A flat 
contrast over the carbon-coated area (left 
half) remains unchanged (disregarding frames 
of imaging). Clearly, the carbon-coated sur- 
face is free from charge accumulation. There- 
fore, we can conclude that the carbon-coated 
area is conductive enough to be equipotential. 

Next, we observed the same area of view at 
Ep = 1 keV, by applying a negative voltage of 
-80 V to the central electrode (Fig. 5b). We 
can observe a bright contrast correpsonding to 
the negative voltage. The contrast appears 
over the uncoated area as well as over the 
carbon-coated area. Since the carbon-coated 
area is equipotential, we concluded that the 
contrast must arise from some physical origin 
and not the surface potential difference. 


Discusston and Conelustons 


We selected the thickness of the carbon 
layer carefully. The 8nm-thick carbon layer 
is thin enough for the primaries to penetrate 
through it into the anomalous surface layer. 


Since the electric field acts within the anom- 
alous surface layer, the secondaries excited 
by the primaries in the anomalous surface lay- 
er are forced outward by the field. Again, 
the carbon layer is thin enough for the secon- 
daries to travel across so that more secondar- 
ies emit over the negatively biased area than 
over the grounded area. 

Increasing the carbon thickness to 10 nm or 
more, we found that the bright contrast does 
not appear at all. Below 5 nm, bright clouds 
due to charge accumulation were observed over 
the carbon area at Ey = 5 keV. The circular 
fringe outside the bright disk over the un- 
coated area has yet to be explained. 
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FIG, 5.--(a) SEM image at Ep = 5 keV with bet 
tom electrodes grounded (Ip = “y972 A, $p 

0°, ts = 1.0 s}; left side is carbon- Ores 
dakeive dotted lines are drawn to indicate 
boundary between carbon-coated and uncoated 
areas over glass surface. (b) SE image at 

Ep = 1 keV with -80 V applied to central elec- 
trode under same imaging conditions as in (a). 


TABLE 1.--Reversible (0) or irreversible (X) 
contrast variation and threshold conditions. 
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LOW-VOLTAGE, HIGH-CURRENT-DENSITY SCANNING ELECTRON MICROSCOPY 


Christodoulos Kinalidis and J. C. Wolfe 


The present study was undertaken as part of a 
program to apply low-voltage electron beams to 
information storage systems. They are also 
important tools for the inspection, program- 
ming, and testing of integrated circuits. 
There are potential applications in low-volt- 
age lithography and selected area annealing as 
well. 

In the conventional approach to generating 
low-voltage beams, the extraction and landing 
energies are equal. The attainable current 
density is severely limited by lens aberra- 
tions and space-charge spatial broadening.? 
An alternative approach to the generation of 
low-voltage beams was pioneered by Zworykin, 
Hillier, and Snyder, who decelerated a high- 
voltage beam by a retarding field at the sam- 
ple. Recently Yau, Pease, et al. have shown 
lens aberrations are sharply reduced in decel- 
erating probes.4 The purpose of the present 
study has been to determine whether the re- 
tarding-field design of low-voltage probes is 
also effective in reducing space-charge spa- 
tial broadening effects. Improved performance 
was expected since electrons travel through 
most of the length of the column at the full 
extraction voltage, moving slowly only in a 
region very close to the target. In addition, 
the large convergence angle at the target 
should reduce the electron density in the 
critical low-voltage region. 


Experimental Procedures 


The basic design of the electron optical 
column (Fig. 1), without retarding field, is 
due to J. E. Wolfe.* Electrons are extracted 
from a zirocniated tungsten cathode operated 
in the Schottky emission mode. The electrons 
are then collimated by lens 1 and focused onto 
the sample by lens 2. Deceleration is accom- 
plished by the application of a retarding bias 
voltage to the sample stage (B in Fig. 1). A 
ceramic stand-off A insulates the stage from 
the grounded deceleration tube C. The video 
signal is derived from the sample current 
through an isolation capacitor. 


Results 


The column was operated with a 7kV extrac- 
tion voltage and 6 kV of deceleration, a net 
nading energy of 1 keV. The beam current was 
320 nA. The beam profile was measured by scan- 
ning across a sharp.edge on a thin gold film. 
The beam profile agreed very well with a Gaus- 
sian beam shape with 20 nm standard deviation. 
The peak current density was 1.3 x 10% A/cm?. 


Diseusston 


The work reported here was performed to de- 
termine the extent of space charge broadening 
in high-current density, low-voltage, retard- 
We showed that spot size 
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stayed a constant 40 nm with or without decel- 
eration, which in turn demonstrates that 
broadening is not a limiting factor even for 
current densities up to 1.3 x 10% A/cm? at a 
landing energy of 1 keV. 


Future Work 


A significant problem for the application 
of retarding-field probe designs to low-volt- 
age microscopy is secondary-electron collec- 
tion. These electrons are accelerated by the 
retarding field and focused by the objective 
lens into a high-voltage return beam which can 
be separated from the primary beam only with 
difficulty. One possible approach to separa- 
ting the secondary-electron return beam is to 
place a double deflection system in the col- 
umn, which would displace the primary and sec- 
ondary beams in opposite directions. This ap- 
proach is currently being investigated. 
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FIG. 1.--Decelerating 
electron probe. Elec- 
trons are extracted at Bias 
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ted tungsten cathode, 
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LOW-VOLTAGE SCANNING ELECTRON MICROSCOPY 


J. B. Pawley 


There are two reasons for the renewed interest 
in using the SEM at beam voltages V, around 1 
kV (LVSEM). The most common one arises from 
applications in the semiconductor industry and 
emphasizes the reduction in charging artifacts 
and in subsurface beam damage. The second 
reason is founded on the belief that increased 
contrast in the topographic component of the 
secondary-electron signal will permit an im- 
portant improvement in topographic spatial 
resolution if only a sufficiently small probe 
diameter can be obtained at low V,.1 We shall 
treat these two areas separately and then de- 
scribe recent progress in optimizing a modern 
FE SEM for low-voltage operation. 


LVSEM tn Semteonductor Research 


Surfaces are very important in the manufac- 
ture of modern semiconductor devices. The a- 
bility of the electron probe to induce current 
flow (EBIC), to detect variations in surface 
and subsurface electronic potential, and to 
excite characteristic x rays, in addition to 
its ability to image topography in an easily 
understandable way, has guaranteed the SEM a 
major role in programs of semiconductor devel- 
opment and failure analysis.?~* However, ob- 
servations of uncoated electronically active 
ICs are plagued by two problems: charging and 
beam-induced damage to the specimen. 

Large areas of a modern semiconductor con- 
sist of insulating materials such as silicon 
and metal oxides. If such samples are coatea 
with a conductive layer to permit viewing in 
the SEM without charging artifacts, the con- 
ductive layer suppresses voltage contrast and 
degrades or destroys the device's electronic 
performance. Similar limitations apply to SEM 
observations of the uncoated photoresist used 
to mask part of the silicon substrate during 
specific steps in the production process. 
Clearly, observations of such uncoated insul- 
ating specimens are subject to charging arti- 
facts. 

Beam-induced damage is associated with the 
fact that some of the beam electrons impinging 
on an insulator remain trapped within the ma- 
terial. For example, if the insulating oxide 
is part of a metal oxide-silicon (MOS) device, 
the potential distribution in the device will 
be altered and it will not work properly.® 
Similar constraints hold for other solid-state 
devices. 

Both these problems are reduced at low Vo. 
Charging is less as the total secondary elec- 
tron coefficient approaches unity, and trapped 
charge is confined much nearer to the surface 


because beam penetration is proportional to 
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V,'°’°. The sampling depth is also less, and 
this makes LVSEM an appropriate adjunct to a 
wide variety of surface analysis techniques 
such as LEEDs and Auger microscopy.°® 


LVSEM and the Topographic Image 


Although early commercial SEMs had poor 
electron optical performance at low V,, early 
workers still stressed the utility of using Vo 
= 3-10 kV to increase topographic contrast’ :°® 
(i.e., contrast that varies with the cosecant 
of the incidence angle). It is well known that 
the so-called 'secondary electron! signal de- 
rived from a standard Everhart-Thornley detec- 
tor is a function of many variables (Z, Vs, 
surface contamination, polepiece material, 
etc.) aside from topography. However, when 
our attention is caught by a micrograph of an 
insect head, it is the topography that inter- 
ests us. Unfortunately, as magnification in- 
creases, the simple topographic coding of local 
surface angle on the object to pixel brightness 
in the image breaks down: the spines between 
the insect's eye segments appear to glow white 
because the probing beam passes through them 
and produces even more collectable secondaries 
from the lower surface than from the upper one. 
Fortunately, the shape of the spines still 
seems interpretable and in this case we are 
not perplexed by the anomalous brightness. 

However, the bright hairs are a caution that 
all brightness variations cannot be decoded in 
terms of local surface angle and that the re- 
lationship is likely to break down as either 
the size of the pixel on the sample or the 
thickness of the sample approaches the beam 
penetration volume. Manufacturers have been 
aware of this feature for years and have rou- 
tinely demonstrated the performance of their 
instruments using test samples, such as gold 
islands on a thin carbon film, that depend on 
atomic number rather than topographic con- 
trast, and that measure only probe diameter 
and not the limiting size of visible topograph- 
ic surface details. 

Fundamentally, the problem is one of con- 
trast. In order to image topographically a 10 
x 10nm protuberance on a flat surface of homog- 
enous, solid material, one must be able to de- 
tect an increase in signal at least five times 
the shot noise in the detected signal when the 
probe passes over each edge of the bump. Be- 
cause beam penetration at 20-30 kV in a low- 
density, low-Z biological sample may be tens 
of microns and because collectable electrons 
excited from anywhere in the sample more than 
5 nm away from the beam impact point produce a 
noise background signal, it is clear that the 
slight change in signal caused by the protub- 
erance will be lost in this noise. In fact, 
such a protuberance will only be seen at all 
if it is coated with a heavy metal and if topo- 
graphic variations in the effective thickness 
of this coat (the distance that the beam 
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travels through the metal, which varies with 
surface angle) give rise to Z contrast. Un- 
fortunately, the coating thickness must be re- 
duced if smaller details are not to be ob- 
scured, and the reduction reduces the topo- 
graphic Z contrast. There is only one way to 
increase high resolution topographical contrast 
without thick coating; reduce the beam pene- 
tration by reducing V,2° 


Problems of LVSEM 


Although the advantages of LVSEM are widely 
appreciated, it is only recently that there 
has been any concerted effort to overcome the 
technical difficulties involved. Below Vy) = 
10 kV, SEM probe size is limited by source 
brightness and chromatic aberration. Accord- 
ing to the Langmuir equation, theoretical 
brightness is proportional to Vo; but at volt- 
ages around 1 kV, space charge in a thermion- 
ic gun often degrades this brightness by an 
additional factor of 2 to 3. As a result, a 
larger aperture angle a must be used if suffi- 
cient signal is to be produced. Chromatic ab- 
erration enlarges the focused spot to a diame- 
ter de = Coa AVo/Vo, where C, is the chromatic 
aberration and AVg is the energy spread in the 
beam. Clearly, d gets larger with o and with 
Vo. + These problems in forming a small probe 
are compounded by the fact that, because of 
its low energy, this beam is very susceptible 
to distortion or displacement by a signal col- 
lection fields or stray electromagnetic 
fields.++ As a result, until recently, 
performance below 100 nm at 1 kV has been 
rare. 


Destgn Modifteations to Improve LVSEM 
Performance 


Because of the large potential market, most 
SEM manufacturers have produced instruments 
geared to the semiconductor field, where 10-20 
mm at 1 kV is sufficient. Problems with stray 
fields have been attacked directly by more ex- 
tensive use of magnetic shielding materials 
but reduction of the deleterious effect of the 
signal collection field has proved to be more 
complicated. The problem is acute, because 
reducing C, implies a short working distance, 
which in turn complicates the extraction of 
the secondary electron signal. The responses 
have been (1) to use a steeply conical lower 
lens polepiece to permit a large, flat sample 
to be tilted at a steep angle while preserving 
access to the collection field; (2) to place 
the sampie in the lens gap and to collect only 
secondaries that spiral up the field lines to 
a collector above”’?” (an alternative that has 
the advantage of a lower C, but a constraint 
against the use of magnetic samples); (3) to 
use a rotationally symmetric microchannel 
plate detector mounted on the lower pole- 
piece;?* (4) to employ a compensating magnetic 
field at right angles to the collection field 
to cancel out the effect of the latter on 
electrons having an energy of eVo,'* or (5) to 
employ two opposing detectors, adjusted so 
that their fields cancel.out on the EO 
axis.t?t§ 

The problem of low brightness has been 
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tackled in three ways: (1) by use of LaB, 
cathodes, which are about 10 times brighter 
than tungsten and which can produce a smaller 
AV, because they operate at a lower tempera- 
ture; (2) by addition of a second extraction 
anode operating positive to ground or reduc- 
tion of the Wehnelt/anode spacing in order to 
reduce the problem of space charge; and (3) by 
use of a cold field-emission (FE) cathode, 
which has a low AVg of 0.17 eV. Only Fe has 
sufficient brightness to permit operation lim- 
ited by diffraction rather than by shot noise 
in the beam. By use of various mixes of these 
strategies, 20 nm at 1 kV is sometimes attain- 
able in instruments with the normal configura- 
tion, whereas instruments that locate the sam- 
ple in the lens field show about 10 nm with 
LaBg and <5 nm with cold FE.*® The Hitachi 
S-900 is the first instrument to be introduced 
in the latter category and is discussed below. 


Optimizing the Hitaecht S-900 for Low-voltate 
Use 


The first commercial SEM to embody most of 
the basic design features necessary for opti- 
mal performance in the secondary electron mode 
at low Vo is the Hitachi $-900.'7 This in- 
strument combines a computer-monitored, cold 
FE source of proven reliability and perfor- 
mance with a short focal length final lens 
(C. = 1.9 and Cg = 1.6 mm) to yield a beam di- 
ameter of 3 nm at 1 kV (if the quantum-mechan- 
ical formulation of Crewe is used?®) The sam- 
ple is mounted on a TEM-type eucentric gonio- 
meter stage, which provides far greater sta- 
bility than the normal SEM stage and also 
greatly simplifies the production of stereo 
pairs. The defining aperture is mounted above 
the scan coils and is projected into the ob- 
jective lens by an intermediate lens, a fea- 
ture that simplifies the eventual development 
of a deflection system to make stereo images 
produced by electronic tilt of the raster ap- 
proach angle.‘? 

The first production instrument of this 
type was installed at the Madison Integrated 
Microscopy Resource in October 1986. The fol- 
lowing is a description of our early efforts 
to optimize this instrument further for V) op- 
eration. Our efforts so far have concentrated 
on three areas: contamination, alignment, and 
resolution. 


Contamination 


Contamination, in the form of deposition of 
beam-polymerized hydrocarbons on the surface 
of the sample, has been noted in even the most 
stringently dry-pumped systems.*° Under these 
conditions, the hydrocarbons evolve from the 
sample itself and the only successful approach 
to avoiding the problem has been to cool the 
sample and its surroundings to about -120 C. 


Vacuum system. Although the S-900 does not 
yet approach this vacuum level, its vacuum 
system is markedly superior to that of the av- 
erage SEM. Viton and crushable metal O-rings 
are used throughout the specimen area, the 
airlock is differentially pumped, the magnetic 
bearing turbo is very clean, and backstreaming 
from the mechanical pumps is reduced 
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with molecular sieve traps. The result at 
present is 4 x 10° mBar (measured in the vac- 
uum manifold). 

Although this performance is acceptable for 
30kV operation, where the deposition rate is 
slower and the resulting deposit less visible 
in the SE image, several modifications have 
been made to improve the system further for 
low-voltage use (Fig. 1). The mechanical pump 
on the airlock has been replaced by a sorption 
pump to eliminate completely mechanical pump 
oil from the airlock. A Gatan retractable 
two-leaf anticontaminator has been added to 
surround the specimen rod. The mechanical 
pump backing the turbo has been replaced by a 
new type of oil-free mechanical pump called a 
molecular drag pump (MDP; Alcatel, Danielson 
Assoc., Lisle, IL 60532). The MDP operates 
somewhat like a turbo in which opposing screw 
threads replace the turbine blades. It re- 
quires a fore-pressure of 75 mBar, which is 
maintained by a diaphragm pump. 

Finally, the inner seal of the differenti- 
ally pumped airlock has been redesigned. The 
original Viton O-ring in the stage nosepiece 
required that the outer surface of the stage 
rod be greased. This O-ring is now being re- 
placed with a grease-free teflon one mounted 
on the rod itself. Teflon O-rings wear quick- 
ly and this arrangement will simplify replace- 
ment. 


Specimen Preparation. In the absence of a 
cold stage, contamination rate depends inti- 
mately on specimen preparation. For instance, 
when a test sample of Au/Pd on solid carbon 
has been cleaned in organic solvent, it con- 
taminates severely, regardless of the vacuun, 
unless it has first been vacuum-baked to a 
high temperature to drive out the absorbed sol 
vent. Fortunately, critical-point-dried bio- 
logical samples seem to be relatively free 
from low-molecular-weight hydrocarbons, proba- 
bly because molecules of this type are removed 
by the solvent action of the intermediate and 
transition liquids (acetone or ethanol and 
CO). 


Coating. Low vacuum diode sputter coating 
with metal has not been very satisfactory, 
probably because roughing pump oil is deposit- 
ed onto the sample during the procedure. Con- 
ventional carbon and Pt-C coating in a LN,- 
trapped, diffusion-pumped system has produced 
better results, but the best results are at 
present obtained from Argon ion-beam-sputtered 
Pt or Cr,*? deposited in a system pumped with 
a 63mm Diffstack (Edwards High Vacuum). We 
are just beginning experiments with an ion- 
pumped evaporator. 


Mounting. Attachment of the dried biologi- 
cal sample to the specimen planchet is consid- 
erably more complicated when hydrocarbon-based 
adhesives must be avoided so as not to intro- 
duce contamination. Most samples are either 
mounted on EM grids, for correlative HVEM stud 
ies, or on rectangular segments of polished Si 
wafers, which may be Au-coated to improve cell 
adherence. The latter are held to the speci- 
men rod by a spring arrangement bearing on the 
top surface of the wafer. Glass coverslips 
are too large readily to adhere to these sub- 


strates, we have experimented with mechanical 
attachments (screws, folded-grids) and, more 
recently (at the suggestion of R. Albrecht), 
with low-melting-point alloys such as Woods 
metal. The dried sample is sprinkled on the 
surface of the alloy, which is then heated 
enough (45 C) to permit the sample particles 
to indent the surface. 


Altgnment 


The asymmetric nature of the SE collection 
field complicates the alignment of the S-900 
column. An objective lens current wobbler is 
a great assistance and the SE detector re- 
tracts for low-Vo work; however, alignment of 
the final aperture at low V, is still a com- 
promise between the axial position and the 
paraxial angle of the transmitted beam, Re- 
cently, the design and operation of a Wien fil- 
ter system, which uses a magnetic field at 
right angles to the collection field to cancel 
out the effect of the latter on the probe, was 
described.7* A system of this type, or a sym- 
metrical microchannel-plate detector,?* is cur- 
rently being developed. 


Resolutton 


The problems associated with the measure- 
ment of EM resolution are well known. For the 
TEM, the contrast transfer of an image of a 
thin amorphous film is now a widely accepted 
standard, but unfortunately no similar test 
sample exists for the SEM. The work by Oho and 
others on computer-analyzed quasi-STEM images 
is a start, but it does not really account 
for the delocalizing effects of the SE produc- 
tion event.'® To fill this void, we have be- 
gun to analyze our photographic SEM images of 
test samples using a TV-based digital image- 
processing system originally designed for LM 
images. We are trying to correlate recorded 
contrast and linescan measurements to deter- 
mine the absolute contrast in the SE signal 
from the microscope. This information, and 
measures of the noise content of the image, 
will be used to define a threshold contrast at 
which "resolution" will be defined. The pro- 
cess is unfortunately still very sample depen- 
dent, but it is a start. 


References 


1. J. B. Pawley, "Low voltage SEM," J. Mi- 
eros. 136: 45-68, 1984; and “SEM at low beam 
voltage,'' Proc. EMSA 42: 440-444, 1984, 

2. E. Menzel and R. Buchanan, "Some recent 
developments in low voltage E-beam testing of 
ICs,'' J. Micros. 140: 331-349, 1985. 

3. K. Ura, "Electron beam testing in elec- 
tronics,'' in T. Imura, S. Maruse and T. Suzu- 
ki, Eds., Proc. 11th Intl. Cong. Electron 
Micros. , Tokyo, 1986, 173-176. 

4. H. Todokoro, S. Yondeda, K. Yamaguchi, 
S. Fukuhara, and T. Komoda, "Stroboscopic 
testing of LSIs with LVSEM,"' J. Mteros. 140: 
313-322, 1985. 

5. W. J. Keery, K. O. Leedy,and K. F. Gal- 
loway, "Electron beam effects on microelec- 
tronic devices," S8M/1976, 507-514. 

6. T. Ichinokawa, Y. Ishikawa, M. Kemmochi, 
N. Ideda, and Y. Hosokawa, "Low energy scan- 


3 
2 
a 
3 
2 


ning electron microscopy combined with low- 
energy electron diffraction," Surface Set. 
176: 397-414, 1986. 

7. &R. F. M. Thornley, "Recent developments 
in SEM," in A. L. Houwink and B. J. Split, 
Eds., EM 1960, Delft, 173-176. 

8 D.C. Joy, "Resolution in low-voltage 
scanning electron microscopy," J. Micros. 140: 
283-292, 1985. 

9. TT. E. Everhart, 0. C. Wells and C. W. 
Oatley, "Factors affecting contrast and reso- 
lution in the SEM,'' J. Electron Control 7: 
97f£f, 1959, 

10. M. Ousumi, "High resolution, LVSEM of 
uncoated cells by applying the freeze substi- 
tution fixation method," in Ref. 3, pp. 2089- 
2092, 

ll. J. B. Pawley, "Strategy for locating 
and eliminating sources of mains frequency 
stray magnetic fields,'t Scanning 7: 43-46, 
1985. 

12. H. Koike, K. Ueno, and M. Suzuki, "Scan- 
ning device combined with conventional elec- 
tron microscope," Proc. Ann. Meeting EMSA 29: 
28-29, 1971. 

13. P. E. Russell and J. F. Mancuso, "Mi- 
crochannel plate detector for LVSEM," ¢. 
Mteros. 140: 323-330, 1985. 

14, J. Zach and H. Rose, "Efficient detec- 
tion of secondary electrons in LVSEM,' Sean~ 
ning 8: 285-293, 1986; and R. Schmid and M. 
Brunner, "Design and application of a quadru- 
pole detector for LVSEM,"' Scanning 8: 294-299, 
1986. 

15. L. Reimer and M. Riepenhausen, "Detector 
strategy for secondary and backscattered elec- 
trons using multiple detector systems," Sean- 
ning 7: 221-238, 1985. 

16. J. B. Pawley and W. R. Scala, "LVSEM 


-}————_—_————— AIRLOCK 


Gatan 
y 60 I/s anticontaminator | 
| 
LF 


Lay 


Buffer 
340 I/s 


turbo {0-4 mBar <75mBar 


FIG. 1.--S900 vacuum modification. 


86 


update,'"' Proc. Ann. Meeting EMSA 44: 654-658, 
1986. 

17. T. Nagatani and S. Saito, '"Instrumenta- 
tion for ultra high resolution scanning elec- 
tron microscopy,'' in Ref. 3, pp. 2101-2194. 

18. A. V. Crewe, "Is there a limit to the 
resolving power of the SEM?" in Ref. 3, pp. 
2105-2108. 

19. J. B. Pawley, "Design and performance of 
presently available TV-rate stereo SEM sys 
tems," GM/1978 I, 157-166. 

20. J. Wall, "Contamination in the STEM at 
ultrahigh vacuum,'' SHM/1980I, 157-166. 

21. A. C. Evans and J. Franks, "Specimen 
coating for high resolution scanning electron 
microscopy," Scamming 4: 169-174, 1981; and 
K.-R. Peters, "Metal coating thickness and im- 
age quality in scanning electron microscopy," 
Prog. EMSA 44: 664-667, 1986; and K.-R. Peters, 
"Progress in biological field emission SEM with 
new metal coating procedures: Imaging individ- 
ual immunoadsorbed IgG on cell membranes," 
in Ref. 3, pp. 2093-2096. 

22. E. Oho, M. Kobayashi, T. Sasaki, K. 
Adachi, and K. Kanaya, "Automatic measurement 
of scanning beam diameter using an on-line 
digital computer," J. Electron Micros. Tech. 3: 
159-167, 1986. 

23. The instrumentation at IMR is available 
to qualified biological users who document 
need, For information, call 608-263-3147. 


nose piece to pump 


pump 


O-ring 
a ~ Original 
Viton O-ring 
2-stage 


diaphragm pump 


Sig CS aR ARR GR UR GR AR URN UR OT A DRUG RA SEAS RG SUS OS i 


is is SUS SUS GS GSU TS DR RA SERN SE OSES SSS OSS OSES OSES OS ESS OSES OSS OS USERS 


Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


3B. SEM: Applications 
APPLICATION OF SCANNING ELECTRON MICROSCOPE CATHODOLUMINESCENCE 


TO THE STUDY OF GALLIUM 


ARSENIDE ON SILICON 


G. A. Reid, K. Nauka, S. J. Rosner, and S. S. Laderman 


In this first report on SEM cathodoluminescence 
(CL) studies of GaAs/Si, we compare the data 
with the electrical and structural properties of 
these films. The results show that CL intensity 
is related to doping concentrations, annealing, 
growth temperature, and film thickness. On be- 
veled or etched samples, CL can provide inform- 
ation on the electrical quality of the film as 

a function of film thickness. CL of GaAs/Si is 
a relatively simple technique to use which we 
show, by comparison with EBIC data, provides in- 
formation on the spatial distribution of minori- 
ty carrier lifetimes. 


Introduction 


Interest in gallium arsenide on silicon 
(GaAs/Si) as a material in which to build de- 
vices such as MESFETs, LEDs, lasers, photocon- 
ductive detectors, and MODFETs continues to 
grow. To produce material with the electrical 
and structural quality required for minority 
carrier devices and high yield in majority car- 
rier devices, characterization and correlation 
of the electrical and structural changes caused 
by variations in the growth process is required. 

We describe results obtained by the liquid- 
nitrogen-temperature total-light CL examination 
of GaAs/Si grown by molecular beam epitaxy 
(MBE), and compare them with results obtained 
from deep-level transient spectroscopy (DLTS), 
electron-beam-induced current (EBIC), Ruther- 
ford backscattering spectrometry (RBS), and 
x-ray rocking curve measurements. 


Experimental 


The samples were grown on (100) substrates 
tilted toward (110) by amounts varying from 
approximately 1° to 4°, with buffer layers 25 
to 100 nm thick grown at 250 or 405 C. All 
samples except one had %2000nm-thick Si-doped 
GaAs films. Two had mid-growth anneals. The 
samples cited in this study along with their 
various growth parameters are listed in 
Table 1. 

For CL, the sample is mounted on an Oxford 
Instruments liquid nitrogen cold stage in a 
JEOL 35CF SEM. The CL signal is collected by 
a silicon diode detector and amplified by a 
GW Electronics backscatter detector/amplifi- 
er.’ One determines the relative intensity of 
the CL signal by measuring the voltage output 
of the constant-amplification preamplifier by 
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switching the signal from the SEM to an HP 

3466A voltmeter or HP 7090A plotter. The av- 
erage light output from the sample can be mea- 
sured by rapid scanning of the sample and 
reading the voltage on the voltmeter, or one 

can obtain a detailed measurement by plotting 
the intensity of the CL signal versus the time 
required for one scan of the SEM screen, 

thereby maintaining a constant ratio between 

the magnification of the SEM image and the plot. 
The average intensity is used for comparison 
among samples; the intensity of a linescan 
across the sample is used to measure the differ 
ence between the light and dark areas on a 
single sample. Care is taken to insure that the 
SEM accelerating voltage, beam current, and mag- 
nification remain constant during each measure- 
ment, since a change in any of these parameters 
affects the magnitude of the CL signal. 

Both the surface and subsurface of these 
GaAs/Si films were examined to compare the 
features revealed by CL and the changes in 
intensity of the CL signal as a function of 
depth. The subsurface was exposed by either 
angle lapping at an angle of 2° or by etching 
the samples with an isotropic etchant consist- 
ing of H2 PO, , H202, and H20. 

Once the CL data were recorded, they were 
compared with electrical data obtained from 
DLTS, C-V measurements, and EBIC. They were 
also compared with chemical data from SIMS, 
and with structural data from RBS and x-ray 
diffraction. 

DLTS information on deep electron traps was 
acquired by use of aluminum or gold Schottky 
barriers and gallium/indium or germanium/ gold/ 
nickel ohmic contacts. The DLTS signal was 
measured in the temperature range of 80 to 400 
K with a 4-160uS time window. 

EBIC images were obtained by use of the 
Schottky barriers deposited for DLTS measure- 
ments. These barriers were thin enough to al- 
low the escape of the CL signal, which enabled 
us to make a one-to-one comparison of EBIC and 
CL images. 

The crystalline quality of each GaAs film 
was measured both by channeling RBS and by 
x-ray rocking curve half-widths. RBS measured 
the crystalline quality near the surface of 
the film; rocking curves provided an average 
of the crystalline quality of the full film 
thickness. As the quality of the surface of 
the film improved, the RBS Xmin percentage ap- 
proached the GaAs homoepitaxial value, ob- 
tained with the same experimental conditions, 
of approximately 3%. Narrower x-ray rocking 
curve half-widths indicated better crystalline 
quality throughout the film. 


Results and Diseusston 


The value of CL for examining GaAs/Si was 
immediately apparent when we compared CL and 
EBIC micrographs taken from the same area 


FIG. 1.--(a) EBIC, (b) CL micrographs, showing correspondence of features. 
FIG. 2.--(a) LEC GaAs, (b) GaAs/Si CL micrographs showing difference in CL distribution. 


FIG. 3.--CL micrographs of (a) sample A and (b) sample D illustrating common speckled appearance 
in samples with different growth parameters. 


a 
3 
3 
3 
3 

4 

4 


ft 
Bees 
Sg 


(Fig. 1). There was a one-to-one correspon- 
dence between the bright and dark areas seen 
in CL and the bright and dark areas seen in 
EBIC. This result indicated that areas with a 
large number of nonradiative recombination 
centers coincided with areas in which generat- 
ed nonequilibrium electron/hole pairs had 
shorter lifetimes. 

Also apparent was the difference between the 
spatial distribution of light emitted by the 
CL process in GaAs/Si and that emitted by bulk 
LEC GaAs (Fig. 2). Small radiative spots were 
uniformly scattered over the GaAs/Si surface, 
whereas in bulk LEC samples CL was concentrat- 
ed in regions called cell walls. This concen- 
tration was probably caused by point defect 
gettering by dislocations in the cell walls.? 
Every GaAs/Si film that was examined, regard~- 
less of growth parameters, had this speckled 
appearance even though there were large varia- 
tions in average CL intensity from sample to 
sample (Fig. 3). 

Two of the samples in this study were 
etched back to provide CL information on light 
intensity below the sample surface (Table 2). 
The results of etching showed that in these Si 
doped samples the CL emission decreased as the 
sample was etched closer to the GaAs/Si inter- 
face (Fig. 4). This effect could have been 
caused by either (or a combination) of two 
mechanisms: a change in the Si level or in 
the number of nonradiative recombination cen- 
ters. If the level of Si doping decreased 
with depth, the CL intensity should also have 
decreased. We believe that the number of non- 
radiative recombination centers was increasing 
with depth, an explanation substantiated by an 
increase in deep-level traps as determined by 
DLTS<* 

Plotting the CL intensity across the inter- 
face of the beveled samples provided informa- 
tion on how quickly the number of nonradiative 
recombination sites is reduced with film 
thickness. The plot of sample B (Fig. 5), 
which is typical of plots of the first three 
samples, shows that the slope of the bright- 
ness curve near the interface is much greater 
than that in the plot of sample F (typical of 
the succeeding three samples). 


Summary 

The major reason for undertaking this work 
was to investigate the possibility of using 
SEM CL as a simple tool to provide information 
on the electrical quality of GaAs/Si films. 
Two unique features of the GaAs/Si heteroepi- 
taxial system could be observed by SEM CL. 
First, the distribution of microscopic nonra- 
diative recombination centers, corresponded 
(as we showed by combining CL and EBIC data } 
with regions of short electron/hole pair life- 
times and weak CL. Second, we could observe 
changes in electrical quality as a function of 
depth by noting the decrease in average CL in- 
tensity and comparing this decrease with DLTS 
data on the increase in deep level traps as 
the region near the interface was probed. 

Si doping affected the intensity of the CL 
signal more than any other parameter measured, 
but the effects of mid-growth annealing, high- 
er buffer layer growth temperature, and thicker 


GaAs films, at fixed Si concentrations, ap- 
peared to be important parameters enhancing CL 
intensity. We are currently preparing to 
Study the correlation of average CL intensity 
with average crystal quality as a function of 
process temperature. For this experiment we 
shall be using fixed film thicknesses and Si 
concentrations to reduce the number of exper- 
imental variables. 

Finally, we have shown that MBE films with a 
100nm-thick buffer layer grown at 405 C exhibit 
maximum CL levels more quickly than 25nm layers 
grown at 250 C. It is probable that this 
rapid increase in brightness was the result of 
better confinement of defects emanating from 
the GaAs/Si interface. 
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TABLE 1.--Growth parameters of GaAs/Si samples 
used in this study. 


TABLE 2.--Characterization results from the 
samples used in this study. 


FIG, 4.--CL micrograph of sample A showing de- 
crease in CL intensity in Si-doped GaAs/Si 

after sample had been etched to depth of ~1000 
nm. Bright region on left is original surface. 
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FIG. 5.--CL intensity plots across GaAs/Si in- 
terface revealed by 2° angle lap. Sample B 
{top curve) shows a rapid increase in bright- 
ness with film thickness; sample F (bottom 
curve), which has thinner and lower tempera- 
ture buffer layer, shows more gradual increase. 
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LINE-SAMPLING STROBOSCOPY WITH SEM 


T. Ikuta, H. Mase, and R. Shimizu 


Dynamic observation of periodic phenomena by 
scanning electron microscopy is usually 
achieved by the use of stroboscopic techniques, 
Many ie have been based on this strobos- 
copy. * Although the two approaches are dif- 
ferent, primary-beam chopping*~*and video-sig- 
nal gating’ can both be used for the strobing. 
Such stroboscopy should be classified as 
point-sampling stroboscopy, since only one 
pixel is detected during one period of the 
driving signal. In point-sampling stroboscopy, 
the stroboscopic observation at low frequen- 
cies (such as line frequency) is difficult in 
practice because the image acquisition time is 
proportional to the product of the number of 
total pixels and the period of the repetition 
phenomena. As a simple example, the image ac- 
quisition time with 1000 x 1000 pixels at a 
60Hz drive takes about 4.6 h for just one 
phase value of the drive. The practical lower 
limit of the drive frequency is about 1 kHz, 
as previously reported by two of ass 
Recentiy, the present authors have proposed 
a new stroboscopy based on a different sam- 
pling technique suitable to periodic phenomena 
at or near line frequencies (50/60 Hz}.°7’ 
The main application of this stroboscopy is 
observation of the dynamics when the ferro- 
magnetic domains are excited at line frequency, 
which is of great importance in core materials 
of power electric systems, such as silicon 
steels. Accordingly, our early stuides were 
on silicon steels.°”’ The application of this 
technique to other materials is usually re- 
stricted by the lower magnetic contrast and 
the larger surface topographical contrast. 
This paper describes both the analysis of the 
topographical contrast and its reduction by 
use of an image subtraction technique, with 
some examples of dynamic observations on fer- 
romagnetic amorphous samples. 


Line-sampling Multiframe Stroboscopy 


In the new stroboscopy near line frequen- 
cies, a fast horizontal scan synchronized with 
the specified drive phase is applied to get 
total image information on this scan line 
within one drive phase; that is why it is 
calied line-sampling stroboscopy. The opera- 
tion of this new stroboscopy is compared with 
conventional point-sampling stroboscopy in 
Fig. 1. We see that the new stroboscopy can 
yield much more information corresponding to 
the total pixels in one scan-line than the 
previous point-sampling stroboscopy; the image 
acquisition time can be reduced to a mere 17 s 
under the same situation as described above. 


Author Ikuta is with the Department of Ap- 
plied Electronics, Osaka Electro-Communication 
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The total acquisition time for several 
phase images can be also reduced by use of a 
multiframe-mode operation. In this acquisi- 
tion mode, 2-8 different phase images can be 
obtained at same time on the same monitor 
scope by multiple line sampling within one 
period of the drive cycle. This operation is 
described in Fig. 2 for the case of a mode of 
8 frames. 

In the line-sampling method, only video 
signal strobing and no primary-beam strobing 
is used. The use of primary-beam strobing 
during the line sampling may result in a 
strong transient response in the detector of 
backscattered electrons. It causes unavoid- 
able saturation effects at the start positions 
of each sampled scan line. Although very fast 
operation of the stroboscopic SEM has been 
achieved by use of beam strobing,?’3 it is 
sufficient to use the video signal strobing at 
the frequency regions at which the present 
line-sampling stroboscopy is aimed. A remain- 
ing problem of the video-signal strobing meth- 
od is sample contamination. However, this 
problem is largely removed by use of the mul- 
tiframe mode operation for its high signal- 
detection efficiency. For example, the signal 
detection efficiency of the 8-frame mode oper- 
ation amounts to about 50%; the efficiencies 
of the usual point-sampling stroboscopy are 
limited to 1-2%, to avoid motional blurring. 
This high efficiency with the signal detection 
make the contamination problem less important. 


Surface Topographical Contrast 


Topographical contrast of the surface pro- 
jection is often observed in the backscattered- 
electron signal, such as the magnetic con- 
trast, The existence of the topographical con- 
trast often makes the observation of the mag- 
netic contrast very difficult. Fortunately 
Type II magnetic contrast caused by backscat- 
tered electrons increases approximately as the 
3/2 power of the primary beam energy; there- 
fore, higher beam energy is recommended for 
good image quality. For the silicon steel 
samples, the magnetic contrast is only a few 
per cent under 200kV acceleration. This con- 
trast value results in a fairly good image for 
the silicon steels, even for a surface-pro- 
cessed sample. 

On the other hand, this difficulty remains 
a problem in new magnetic core materials (such 
as the amorphous ferromagnetic materials) that 
contain many holes made by the quenching pro- 
cess and have smaller magnetization. Both ap- 
proaches to reductions of the topographical 
contrast, based on the detection system and 
postimage processing, are thus highly recom- 
mended in such observations. 

As to the former approach, one of us has 
reported the condition with the detector posi- 
tion where the topographical contrast disap- 
peared.® The origin of this topographical 
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FIG. 1.--Schematic diagrams of (a) convention- 
al point-sampling stroboscopy and (b) line- 
sampling stroboscopy in scanning electron mi- 
croscope. 
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contrast is the alteration of the beam inci- 
dent angle and the dependence of the detector 
take-off angle on surface roughness. Figure 3 
defines the beam incident angle and detector 
positions used in the Monte Carlo simulation,? 
which assumes Fe samples and 15-90keV acceler- 
ation. The results of the simulation are 
shown in Fig. 4(a), which shows the detection 
yield of the backscattered electrons as func- 
tion of the incident beam angle for the three 
fixed detectors shown in Fig. 3. These re- 
sults show that the relations between detec- 
tion yield and the incident angle are almost 
the same when acceleration is varied from 15 
to 90 keV, as are the incident angles for max- 
imum yield. At these beam incident angles, 
one expects a compensation of the variation in 
detection yield between the increase in total 
yield with the increase in incident angle, and 
the decrease in the backward-scattered yield 
with the corresponding increase of the effec- 
tive take-off angle. 

If the period of sample roughness is large 
compared with the beam diffusion area, and 
the variation in effective incident angle due 
to the roughness is small, topographical con- 
trast disappears at these optimum incident 
angles. As shown in Fig. 4({a), the change in 
these optimum incident angles with accelera- 
tion energy is very small. Therefore, almost 
constant values of the optimum incident angle 
can be extrapolated up to about 200 keV accel- 
eration. 

Figures 4(b) and (c) show the change in de- 
tection yields from the samples with different 
Z number under 30keV acceleration. Although 
the maximum value of the detection yield is 
increased as Z increases, the optimum incident 
angle remains almost same. Hence we conclude 
that the selection of the optimum incident 
angle is very effective in reducing topograph- 
ical contrast with the detection of low-con- 
trast backscattered-electrons over a wide 
range of samples and acceleration. 


Image Subtraction Technique 


If the sample roughness is great and the 
compensation is insufficient even when the op- 
timum incident angle is selected, the diffi- 
culty with the topographical contrast becomes 
important. As described above, amorphous fer- 
romagnetic materials are corresponding to this 
Situation. As in the technique with the re- 
jection of large background, it is effective 
to subtract an image from another one if each 
has same background. This subtraction tech- 
nique has been already applied to the domain 
observation by the Keer magneto-optical meth- 
od.*® As a preliminary approach, we have also 
attempted to use this technique for the SEM 
magnetic domain observation using the off-line 
method. 

In the present experiment, the observed 
stroboscopic images are first recorded on the 
photographic medium (Polaroid 667 film). 

Next, one of the stroboscopic images is stored 
in a frame integrator (Nippon Avionics, Image- 
=) by use of a CCD camera. Then another 
stroboscopic image used as a reference image 
is stored with opposite polarity. Critical 
positioning between the two images is needed, 


This positioning is manually achieved, by use 
of the real-time subtraction function of the 
frame integrator. 

The example of the image subtraction exper- 
iment is shown in Figs. 5 and 6. The observa- 
tion shown in these figures were made with a 
commercial 200kV electron microscope (JEOL, 
200CX) at 100keV acceleration, in the scanning 
mode, The sample used is an amorphous ferro- 
magnetic ribbon (Allied Chemical Co., METGLAS 
2605SC) , and excited by a 60Hz drive field on 
a specially designed sample stage with magne- 
tizing yoke. 

Figure 5 shows an original stroboscopic ob- 
servation of this sample. The values in each 
photograph indicate the respective drive 
phase. In these photographs, the magnetic do- 
main is not clear for the strong topographical 
contrast from the surface roughness. In Fig. 
6, the results of the image subtraction are 
demonstrated. Figures 6(a), (b}, and (c) show 
(225° - 225°), (225° - 315°), and (225° - 0°) 
subtracted images, respectively. In these 
subtract experiments, the 225° image is used 
as a reference image, since the sample is con- 
sidered to be magnetically saturated in this 
phase. Figure 6(a) is shown to indicate that 
manual positioning has been successfully 
achieved. Figure 6(c}) shows clear magnetic 
domain images unlike in Fig. 6(b). This re- 
suit suggests that a sudden magnetic reversal 
has occurred between 31.5° and 0°. 

In Fig. 6(b), one may find some domain-like 
patterns. However, they are mostly not true 
domains but the differentiated topographical 
images caused by spatial distortion due to the 
leakage drive field on the primary beam path. 
The influence of the leakage flux niay cause 
the deflection of the primary beam. In the 
zeroth-order approximation, this effect re- 
sults in image translation, which is easily 
compensated for by the manual positioning be- 
tween the two images. However, it results in 
complex distortion under the higher-order in- 
fluence. In these experiments, higher-order 
distortion is slight but observable (Fig. 6b). 

Although the present image-subtraction ex- 
periment by use of photographic films as an 
intermediate recording medium is a preliminary 
one, it is very effective in removing topo- 
graphical contrast and revealing the clear do- 
main response. It seems very easy to improve 
this technique into a real-time one by use of 
digital electronics. This approach is also 
effective in removing the effects caused by 
the nonlinearity of the recording media. 


Cone lustons 


A new stroboscopic technique line-sampling 
multiframe stroboscopy and related problems 
with the practical application are discussed. 
The main application of this technique is the 
dynamic domain observation of ferromagnetic 
materials used in power electric systems. The 
main difficulty in the stroboscopic observa- 
tion is topographical contrast due to the sam- 
ple surface roughness. This paper suggests 
the selection of the optimum beam incident 
angle (which is determined by the detector po- 
sition) to reduce the topographical contrast. 
The paper also indicates that the introduction 
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of the image subtraction technique is very 
useful, especially with ferromagnetic mater-~ 
lals having lower magnetization and rough sur- 
faces, such as amorphous ferromagnetic materi- 
als. 
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FIG. 5.--Dynamic observation of magnetic domain response in amorphous ribbon {Allied Chemical Co. 
METGLAS 2605SC) under 60Hz magnetic field. Number indicated on each photograph is drive phase 
value. 

FIG. 6,--Processed images of Fig. 5. (a) 225° - 225", shown matching at off-line processing; 

(b) 225° - 315°; (c) 225° - 0°. 
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QUANTITATIVE ANALYSIS WITH STANDARDS ON A FIELD-EMISSION MICROSCOPE 


J. F. Konopka and M. Shinohara 


The field-emission (FE) gun for electron mi- 
croscopes is unquestionably a boon to electron 
imaging. Its high brightness produces sharp 
images at the highest resolutions.??? Until 
now, however, it has been difficult to use an 
FE microscope for quantitative x-ray analysis 
because of the instability of its probe cur- 
rent. Special analytical methods already in 
practice have mitigated this problem some- 
what.7 In standardless analysis, the probe 
current need not be known. Use of one multi- 
element standard for all elements in the un- 
known and normalization of the result also avoids 
the need for knowledge of the probe current. 
However, in many cases these methods do not 
apply. This paper presents a method for per- 
forming full quantitation with standards on FE 
SEMs. 

In x-ray analysis, we need to know the to- 
tal charge deposited on a sample while x rays 
are acquired. For quantitative analysis, all 
x-ray intensities from unknowns are ratioed to 
intensities from standards, so that only rela- 
tive values of deposited charge for all un- 
knowns and standards analyzed are needed. 

Thus, any value proportional to total charge 
may be used. In x-ray analysis performed with 
a thermal-emission-gun SEM, the beam current 

is measured with a Faraday cup and picoammeter 
before the x-ray data are acquired from the 
sample. If we assume that the beam current 
does not fluctuate while data are being ac- 
quired, this one-time measurement is propor- 
tional to total deposited charge. For the FE 
gun, this assumption does not hold: emission 
gradually decreases and may occasional undergo 
very rapid fluctuations (Fig. 1).+ The method 
described here continuously monitors the beam 
intensity while x rays are being acquired and 
so accounts for all fluctuations of beam inten- 
sity. This beam-monitor method is a variation 
of standard techniques used previously to find 
the correct beam current in a slowly drifting 
thermal-emission gun. The basic idea is to 
measure some accessible signal during x-ray ac- 
quisition that is linearly proportional to beam 
current. The average value of beam current is 
calculated from the average value of the signal 
and the measured calibration constant. Various 
signals can be used: backscattered electron in- 
tensity, specimen current, or final-aperture 
current. The easiest to calibrate is the aper- 
ture signal, which can be measured at the same 
time as the true beam current is measured with 
a Faraday cup. The final-aperture signal has 
sometimes been used on microprobes as a Faraday 
cup substitute because once it is calibrated, 
it provides a fast and convenient method of 
measuring probe current that avoids the mechan- 
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ical problems of introducing a Faraday cup 

for each measurement. Use of the final aper- 
ture signal assumes that this signal assumes 
that this signal is linearly proportional to 
the beam current while x-ray data are being 
acquired. Normally, as long as lens currents 
and other beam shaping factors remain con- 
stant, the final aperture may be expected to 
intercept a constant fraction of the probe 
current. An uncertainty that arises when this 
technique is applied to the FE SEM is whether 
the aperture signal would remain linearly pro- 
portional to beam current as the FE gun omis- 
sion varies. 

The SEM used in this work was the Hitachi 
S800 and the EDS analyzer was the Keves 8000. 
An electrically isolated final aperture with 
a buffering amplifier attached is a standard 
feature of the S800. The Kevex system was e- 
quipped with a multiplexed, high speed, 12- 
bit ADC, a picoampere buffer amplifier made by 
Kevex, and some cabling. One channel of the 
ADC was used to read the aperture signal; a 
second channel, to read the signal fr-m the 
Faraday cup as buffered by the special ampli- 
fier. The standard Kevex quantitative EDS 
software package, Quantex, was modified as de- 
scribed below to use these signals. 

To examine the signals coming from the SEM 
a Forth program was written to acquire data 
simultaneously from the final aperture and a 
Faraday cup and to display these data in 
graphics. Figure 1 shows about 7 s of data 
acquired by this tool. The data are plotted 
in two ways. The two signals are independent- 
ly plotted versus time and versus each other 
as a scatter plot. The two straight lines 
represent two calibration models being tested. 
This trace shows both a large step as well as 
smaller variations in the two signals. Note 
that the same signal variation is reproduced 
in the Faraday cup signal and the final aper- 
ture signal. By use of this tool the correla- 
tion of aperture signal and beam current was 
verified and the appropriate signal processing 
techniques were developed. 

The calibration constant k relating beam 
current and aperture signals is 
k = Sp/Sa, where Sp and Sg are respectively 
the sums of the beam current and aperture sig- 
nals measured over some fixed period of time 
The effective average beam current is f, = 
kA, where A is the average value of the aper- 
ture signal during the time that x rays were 
being acquired. 

In operation, the aperture signal is cali- 
brated each time a spectrum is acquired. Cal- 
ibrations are not saved or reused. The modi- 
fied Quantex software acquires x-ray data in 
three steps. 


1. The user is prompted to move the Fara- 
day cup under the beam. The computer then 
measures the aperture and Faraday-cup signals 
for 3s. 
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2. The user is prompted to remove the Far- 
aday cup and move the sample under the beam. 
The computer then integrates x rays and aper- 
ture signal for desired acquisition time. 

3. Again the user is prompted to move the 
Faraday cup under the beam. The computer then 
measures the aperture signal and Faraday-cup 
Signal for 3 s and the computer calculates the 
effective average beam current and stores the 
result with the acquired x-ray spectrum. 


Except for the acquire sequence no other 
software changes were required for quantitation. 


Results 


To show the effectiveness of this met-od a 
steel sample (SRM 348) and a mineral, garnet, 
were anlyzed. (The garnet sample and its 
chemical composition were supplied by Prof. 

K. Mori of Kyoto University.) Table 1 lists 
the standards used in all analyses and their 
respective average probe currents. The values 
for probe currents are numbers that have not 
been scaled to standard units, as these num- 
bers are normally used only internally by the 
software. Table 1 shows the results for the 
steel. The bottom row labeled Ip, is the aver- 
age probe current for each spectrum. The data 
were acquired for 100 s live time at 20 kV and 
a take-off angle of 47.9°. Although the aver- 
age beam current in the five analyses varies 
by 17%, the results for Fe, the dominant ele- 
ment, vary less than 1%, which means that this 
variation is dominated by counting statistics 
and not by errors in beam-current measurement. 
Table 3 shows the results for the garnet sam- 
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Faraday cup average value = 117.819 
standard deviation = 9.659 
Aperture average value = 896. 832 
standard deviation = 61.582 
Faraday cup / Aperture = 0.131 
Fitted slope (LSQ) = 0.153 
Fitted intercept (LS) = -19. 752 
Number of points measured = 459 
Coefficient of determination = 6.956 


ple. Data were acquired for 200 s live time. 
Other conditions were the same as for the steel 
sample. The average beam current varied by 
13%, but the results for the dominant element, 
Si, again varied by less than 1%. 

From the quality of the results the follow- 
ing conclusions are drawn. First, within the 
range of variations encountered, the aperture 
Signal is linearly proportional to beam cur- 
rent. Second, quantitative x-ray analysis with 
standards may be routinely and reliably per- 
formed on FE-gun-equipped SEMs. 
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TABLE 1. Standards used and relative beam cur- 
rents for analysis of SRMA38 and garnet. 


SRM348 Garnet 
Si 813.7 Mg MgSi03 88.3 
Mo 801.6 Al A203 85.5 
Ti 674.3 Si NaA1Si03 94.1 
Cr 904.2 Ca CaSio3 91.4 
Mn 938.4 Ti Felio3 96.6 
Fe 767.6 Mn (pure) 141.4 
Ni 625.0 Fe Fe203 93.0 


Fo amt aie 


8. 20% 


6. 87% 


FIG. 1.--Plot comparing variation of beam current and aperture signal. 
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TABLE 2.--Results of analysis of steel sample, SRM348, five times with standards. 


FE Gun Data 
SRM348 
1 2 3 4 5 Std Dev Avg. Wet Chem. 
Si 0,60 0.55 0.52 0.51 0.56 6.50% 0.55 0.54 
Ti 2.16 2.18 2.06 2.13 2.01 3, 38% 2.11 2.24 
Cr 14.77. 15.02 14.61 14.70 14.69 1.06% 14.76 14.55 
Mn 1.88 1.84 1.56 1,70 1.70 7,352 1.74 1.48 
Fe 53.00 53.19 53.46 53.34 53.56 0.41% 53.31 53.30 
Ni 24.59 25,43 25,16 25.44 25,51 1.50% 25.23 25.80 
Mo 1.17 1.42 1.37 1.27 1.35 7.442 1.32 1.30 


Total 98.17 99.63 98.74 99.09 99,38 0.582 99.00 99.21 
Ib 761.60 747.40 1122.60 992.80 992.10 17.66% 923.30 


TABLE 3.--Results of analysis of garnet, four times with standards. 


FE Gun Data 
Garnet 


1 2 3 4 Std Dev Avg. Wet Chem, 


MgO 19.46 18.91 19.08 18.70 1.69% 19.04 18.29 

Al203. 22.45 21.89 22.14 21.90 T2194 8622.10 21.93 

$i02 41.40 41.36 41.29 40.70 0.802 41.19 40.82 

CaO 4.60 4.62 4,76 4,50 2.32% 4,62 4,50 

Tid2 0.90 0.88 0.96 0.94 3.97% 0.92 0.85 

MnO 0.38 0.41 0.35 0.40 6.87% 0.39 0.35 
1 


FeO 12.80 12.72 13.00 12.74 .00Z 12.82 13.10 
Total 102.00 100.77 101.59 99.89 0.92% 101.06 99.49 


Ib 84.74 86.96 104.77 111.29 13.52% 96.94 
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DYNAMIC STUDIES OF MARTENSITIC TRANSFORMATION ON COPPER SHAPE-MEMORY 
ALLOYS WITH THE SEM 


J. M. Guilemany, B. Mellor, J. R. Miguel, and J. Gil 


Observation of the evolution of martensitic 
transformation on Cu-Al-Zn shape-memory alloys 
has been realized in a special chamber (heat- 
ing and cooling stage + 250 C) on an SEM with 
a BSE detector. The potential of this obser- 
vation system is demonstrated. The conclu- 
sions show that the shape-memory effect is not 
exactly correlated with the structural-memory 
effect in heating/cooling cycles. 

Investigations into 8 + martensite (m) 
transformations of copper alloys that exhibit 
the shape-memory effect show discrepancies in 
characteristics, observed during the transfor- 
mation, of the evolution of various parame- 
ters with temperature (calorimetric signal, 
acoustic emission, and resistivity varia- 
tions),?~* The possibilities of a device de- 
signed for the simultaneous measurement of 
acoustic emission and calorimetric signal 
based on an optical microscope were presented 
earlier.* For preliminary results of in situ 
studies on the SEM, see Ref. 5. 


Methods and Procedures 


A backscattered electron (BSE) detector and 
a heating/cogling stage have been adapted to 
an SEM of 60A resolution (Fig. 1) to enable 
study of the dynamic martensitic transforma- 
tion on copper shape-memory alloys. The BSE 
detector makes it possible to obtain images 
differentiated by their average atomic number 
due to the different atomic density of the 
oriented planes of the free surface, a capa- 
bility that is the more important because mar- 
tensitic transformations have very poor defi- 
nition with secondary~emission electronic 
images. 

The heating/cooling stage permits work 
within the range +250 C and is regulated by a 
heating resistance and a cooling circuit of Nz 
gas refrigerated by liquid nitrogen. A ther- 
mocouple of Cu-Const insures control by a pre- 
cise temperature regulator. A policrystalline 
SME alloy (78.23% Cu, 6.28% Al, 15.49% Zn, wt), 
vacuum melted and thermally treated (10 min at 
850 C and water quenched to room temperature) 
with Mc = 15 C, exhibiting a @-structure, is 
submitted to heating/cooling cycling within 
+65 C. Samples are prepared by conventional 
methods of obtaining polished surfaces. 


Experimental Results 


A detailed cycle within the temperature 
range +62 C to -30 C is shown in Figs. 2-15. 


The authors are at the Department of Metal- 
lurgy of the University of Barcelona, except 
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search project PA-85-0084) and Generalitat de 
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A reference point appears at the right of each 
picture. 

The representative structure of 8-phase 
shown in Fig. 2 (65 C) corresponds to a por- 
tion of a 8-phase crystal. The BSE image of 
intracrystalline §-phase shows subgrain bound- 
aries. 

Early transformation lines appear at 14 C 
(Fig. 3) and continue to grow; other lines ap- 
pear between 14 C and 8 C (Figs. 3,4). Lines 
show an irregular distribution with orienta- 
tion angle, even though some of them show some 
parallelism, Stronger lines with differenti- 
ated orientation appear at4C (Fig. 5}, where 
some of the earlier lines disappear. The new 
lines must be produced by high-atomic-density 
planes, according to the BSE image. 

The gradual evolution of the 8 — marten- 
site transformation is shown in Figs. 6 (3 C), 
7 (1 C), 8 (-1 C), 9 (-3 C), and 10 (-4 C). 

In this sequence we can observe that some 
lines appear and disappear due to the growth 
of other martensitic crystals (e.g., Figs. 8 
and 9). 

Martensitic crystallographical orienta- 
tions exhibit mobility by temperature, as in 
Figs. 11 (-7 C), 12 (-8 C), 13 (-13 C), and 
14 (-19 C)). The final structure is shown in 
Fig. 15 (-30 C), and 14 (-19 C). This struc- 
ture is to be compared with the final ones of 
other cycles. 

The transformation martensite > 8 (heating) 
is very slow, as evident from a comparison of 
Fig. 16 (0 C) with Fig. 15 (-30 C). Only a 
small part of the structure has been trans- 
formed at a temperature near, but below, Ag, 
as seen in Fig. 17 (28 C) but it suddenly 
evolves within a very narrow range of tempera- 
tures. Figure 18 (33 C) shows the completed 
transformation. 

Comparison of Figs. 2 and 18, corresponding 
to the original and re-heated structure, shows 
that the structure has been totally regener- 
ated. 

Cooling/heating cycling of the same area 
shows that early lines (Fig. 4, +8 C) pre- 
sent the same orientation but not the same 
position (Fig. 19, +9 C}). Martensitic crys- 
tals present the same effect, i.e., the same 
orientation but different position in relation 
to the reference point; compare Fig. 20 (+3 C) 
with Fig. 6 (+3 C), Fig. 21 (+1 C) with Fig. 7 
(+1 C), Fig. 22 (-2 C) with Fig. 9 (-3 C), 
Fig. 23 (-6 C} with Fig. 11 (-7 C), and 
Fig. 24 (-15 C) with Fig. 13 (-13 C). The 
final structure in Fig. 25 (-32 C) is very 
different from Fig. 15 (-30 C). 

Hot structures of this cycle (Fig. 26, 

39 C), and of other cycles (Fig. 28, 39 C; 
Fig. 30, 45 C}), reproduce the original B 
structure shown in Fig. 2; cool structures 
(Fig. 27, -40 C; Fig. 29, -40 C; Fig. 31, 
-40 C) are different from one another. 
Detection of other parameters (acoustic 
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emission, calorimetric signal, and resistivity 
measures) can be done at the same time as the SEM 
observation of the evolution of the transfor- 
mation 8 2 martensite.® 
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3C. SEM: Image Simulation 
MONTE CARLO MODELING OF keV ELECTRON SCATTERING IN A CHARGED-UP INSULATOR 


Masatoshi Kotera and Hiroshi Suga 


If an insulator is bombarded by an electron 
beam, a positive or a negative charging-up 
takes place depending on various parameters. 
The charging-up phenomenon is observed for ev- 
ery insulator in the entire energy region of 
electron irradiation. It usually causes dif- 
ficulties in the following analyses and pro- 
cesses. Above 10 keV the charging-up can re- 
sult in an image distortion in the scanning 
electron microscope (SEM), a pattern distor- 
tion in electron beam lithography, and even an 
electric breakdown of the specimen. Below 2 
keV, the SEM voltage contrast image disappears 
if the electrodes are covered by an insulating 
material. Although many papers on charging-up 
have been published, the analysis of the mech- 
anism remains inadequate, especially in its 
dynamic process.*~* 

As the first step of an analysis, we pro- 
pose a new simulation model of incident-elec- 
tron behavior, in order to gain a better un- 
derstanding of some phenomena found at high- 
energy electron-beam irradiation, by analyzing 
the electron deposition in the target material 
and the build-up of an electric potential. A 
Monte Carlo simulation of incident-electron 
behavior in solids is well known.® Since this 
simulation is made in three-dimensional space, 
the boundary condition is flexibly set up.” 
For example, one can explain how the magnetic 
domain contrast of a ferromagnetic material in 
the SEM is created by adding the Lorentz force 
to the simulation. Similarly, one can ex- 
plain the effects of an electric field in the 
specimen caused by charging by modifying the 
simulation. The present study offers a quan- 
titative discussion on the extent of the situ- 
ation in the electron-penetration depth and 
the variation in the backscattering coeffi- 
cient as a function of the charging-up. 


Stinulation Model 


We make the following assumptions. (1) The 
insulating specimen is a lmm-thick PMMA wafer. 
(2) The electron beam energy is 20 keV. (3) 
If the behavior of the incident electrons in 
the virgin specimen is given by a previous 
Monte Carlo simulation, the distribution of 
the deposited electrons can be obtained. (4) 
In accordance with an electron dose, the dis- 
tribution of (3) is regarded as the accumu- 
lated charge-density distribution. (5) We 
call the doping of a charge to the virgin spe- 
cimen the "pre-charging'' and the electron dose 
the "pre-charging dose.'' (6) The charge var- 
ies in depth only. (7) From the accumulated 
charge and the boundary condition of the spe- 
cimen one can calculate the potential distri- 
bution. (8) The incident electron to the spe- 
cimen undergoes deflection in this electric 
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field during elastic and inelastic scatter- 
ings. 

PMMA maintains its insulation up to 10” 
V/em at 0 C and the relative permittivity is 
4.0. The validity of the previous Monte Carlo 
simulation has been confirmed by an experiment 
in the electron-beam lithography of a PMMA wa- 
fer whose surface has been metallized to avoid 
the effects of the charging.°*? Figure 1 
shows a depth distribution of deposited elec- 
trons calculated by the previous Monte Carlo 
simulation. The maximum range of electron 
penetration is 7.0 um. We assume only one- 
dimensional variation in electron deposition 
for simplicity, as is actually the case for a 
large-area exposure of the specimen with a 
defocused broad electron beam. The Monte Car- 
lo simulation gives the probability density of 
the electron deposition in units of cm™* for 
one electron incidence (Fig. 1). With the 
precharging dose given in C/cm?, we obtain the 
accumulated charge density (C/cm*) at any 
depth. In reality, the accumulated charge may 
change owing to the electron-beam-induced con- 
duction and the secondary-electron emission 
during subsequent electron bombardment. We 
ignore these effects for simplicity. 

From the accumulated charge and the geo- 
metrical boundary condition of the specimen, 
we obtain the potential distribution in the 
PMMA. We assume that the specimen is in the 
SEM, with a grounded polepiece of the objec- 
tive lens 10 mm above the specimen surface, 
and with a grounded specimen holder beneath 
the specimen. The potential distribution 
within 10 um from the specimen surface is cal- 
culated by the successive over-relaxation 
(SOR) method.*° The calculated potential dis- 
tributions for various precharging doses 
(Fig. 2) show that the potential is propor- 
tional to the precharging dose. Because the 
grounded position is established far from the 
plotted region, the potential changes vary 
little with depth. This calculation method 
can be applied to any electron-deposition dis- 
tribution, to be obtained with more detailed 
consideration in future. 

We next describe the newly constructed 
electron-scattering model. This model is 
based on the following assumptions. {(1) Angu- 
lar scattering of an electron due to elastic 
collision with atoms is calculated from the 
screened Rutherford equation. (2) Energy loss 
of an electron due to inelastic collisions is 
calculated from the modified Bethe equation of 
Rao Sahib and Wittry.** (3) An electron tra- 
jectory is expressed stepwise, where the step 
length equals the elastic scattering mean free 
path. [Assumptions (1)-(3) are the same as in 
the previous model.*°] (4) The electron de- 
flection due to the electric field around the 
electron is taken into account in every tra- 
jectory step. (5) The potential difference 
between the beginning and the end of each step 
is converted into electron kinetic energy. 


e 6 } 
53 
S PMMA “2 2 
2x} ! 

s 20 keV > nae 
) a4 
5 = 
= Bs 

' 2? 5 

: 2 c) 

a a a 

: 2 $ 

vl fon 

& o oO 
wn 

Ka Oo 

a a 

a 

: ) 0 

0 2 4 6 8 Oo 2 4. 6. 8. 30 

: Depth zZ(pm) Depth (yim) 


FIG. 1.--Depth distribution of electron depo- FIG. 2.--Depth distribution of calculated po- 
sition in PMMA. tential. 


paint 


oOo 0802 6 8 8 86 8 6 


é 
3 
3 
3 
4 
3 
3 
a 
= 
a 
: 


FIG. 3.--Schematic diagram of models for elec- 
tron scattering. 
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(6) If the kinetic energy drops below 0.1 keV, 
we regard that electron has stopped. 

The present model is based on the previous 
single-scattering model, but the electron mo- 
tion in each step is expressed by the equation 
for electron motion in the electric field. 
Figure 3 shows one electron trajectory in the 
present model, The previous model is also 
shown for comparison. For an electron at po- 
sition 1 in the figure, the electron scatter- 
ing is as follows: the electron kinetic ener- 
gy is Ei, the potential energy is Pi, the 
scattering angle 91 and the azimuthal angle 
¢; are determined by the screened Rutherford 
equation and random numbers, and the step 
length Ai equals the elastic scattering mean 
free path. In the previous model the step 
ends at position 2 and the electron kinetic 
energy at 2 is E, = Ei; - AEi, where AE. = 
AiedE/dx p,, from the modified Bethe equation. 
In the present model the step ends at 2, where 
the potential energy is P,. The kinetic ener- 
gy is E2t = Ei - AE - (Po - Pi) and the di- 
recting angles at 2' are 81' and $1', as shown 
in the figure, As expressed above, an elastic 
scattering occurs at 2' and the simulation 
continues, The validity of assumption (6) can 
be determined from the difference between the 
energy lost by inelastic processes and the en- 
ergy obtained from the surrounding electric 
field. We have confirmed that an electron 
will not start moving in the present simula- 
tion in an electric field of around 10’ V/cn, 
which is the electric breakdown field of PMMA. 


Results and Discussion 


In the present study we discuss the influ- 
ence of the precharging on the penetration 
depth and on the backscattering coefficient. 
Figure 4 shows depth distributions of energy 
deposition for various precharging doses. As 
shown in Fig. 2, the surface potential in- 
creases as the precharging dose increases. 
Then, the effective incident energy of elec- 
trons decreases. When the precharging dose is 
1.8 x 107° C/cm?, the electron penetration is 
60% of the electron range for the uncharged 
specimen. When the precharging dose reaches 
7.7 x 107° C/em?, the surface voltage is up to 
the electron-beam accelerating voltage and no 


electron can get into the specimen. This 
electron dose is much smaller than the value 
commonly used in electron-beam lithography, 
EPMA, etc. The variation of the backscatter-~- 
ing coefficient of electrons in a function of 
the precharging dose is shown in Fig. 5. The 
increase of the coefficient with the dose is 
explained mainly by the decrease of the diffu- 
sion depth of incident electrons in the speci- 
men. In that case the escape probability of 
scattered electrons from the surface in- 
creases. Even-when no electron can get into 
the specimen at 7.7 * 107° C/em? for the pre- 
charging dose, the maximum electric field in 
the specimen is only 4.3 * 107 V/cm. Conse- 
quently, the range reduction and the varia- 
tions found in the backscattering coefficient 
can be caused only by the potential elevation 
at the specimen surface. It should be neces- 
sary to calculate an electron behavior in the 
same insulator whose surface is grounded and 
compare the results with the present data. 
Future studies should consider the effects of 
the electron-beam-induced conduction and the 
secondary-electron emission from the specimen 
surface for much more precise analyses of the 
specimen charging. 
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IMAGE SIMULATION FOR THE SEM. 


D.C. 


Computer-simulated micrographs have long been 
used by high-resolution transmission electron 
microscopists as an aid to image interpreta- 
tion; in fact, many microscopists probably 
spend more time computing images than taking 
them experimentally. Scanning electron micro- 
scopists, on the other hand, mostly analyze 
and interpret images by reiying on the appar- 
ent similarity between the way objects appear 
in the SEM and the way our eyes perceive 
things in the real world. Although the suc- 
cess of this approach has been a factor in 
promoting the widespread use of the SEM, with 
the advent of instruments capable of atomic 
level resolution and with the current interest 
in the use of SEMs as a tool for critical-di- 
mension metrology in the semiconductor indus- 
try, there is now a need for more rigorous and 
qualitative models with which to compare im- 
ages.+>? 


Teehntques for Image Simulation 


In order to simulate a line profile from 
(or the complete image of) some feature we 
need to be able to calculate the expected 
backscattered (BS} or secondary electron (SE) 
signal from the specimen for any given beam 
position. Three general types of models by 
which this calculation can be performed have 
been described. These models differ not only 
in their level of sophistication but in their 
area of applicability. The simplest model re- 
lies on macroscopic observation that the BS 
and SE yields both vary as the secant of the 
angle of incidence of the beam to the specimen 
surface. If we apply reciprocity (i.e., re- 
place the electron detector with a light 
source with the eye of the observed), the se- 
cant variation is transformed into a cosine 
variation, which then exactly corresponds to 
the familiar Lambert cosine law in optics. We 
can now predict that the SEM image will have 
the form of the optical image illuminated from 
the detector position and viewed from above, 
with surfaces tilted toward the detector 
bright and surfaces away from detectors dark. 
It is this model, alluded to earlier, that has 
formed the basis of most image interpretation 
in the SEM. At the low-magnification limit of 
the SEM, where the pixel element size is many 
microns and thus larger than the electron in- 
teraction volume, this model provides an ade- 
quate and useful description of the image con- 
sistent with the level of information to be 
expected under these conditions. 

At higher magnifications, where the pixel 
size is comparable with the diameter of the 
beam interaction volume, a model that incor- 
porates more of the detail of the electron- 
solid interaction is required. A typical solu- 
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tion has been the diffusion model, in which 
the beam interaction is represented as a 

point source, at half the electron range be- 
neath the surface, from which electrons dif- 
fuse toward the surface with some characteris- 
tic attenuation length L.°?* Provided that 
the scale of surface topography is signifi- 
cantly larger than L, this approach can give 
a good description of the signal variation 
with beam position. The technique has the 
merit that the calculation can usually be per- 
formed in a closed analytic form and is there- 
fore very rapid. However, it cannot be accu- 
rately applied to features whose size is less 
than L, and it is not easily used in multi- 
component materials. Nor does this model pro- 
vide a description of the angular or energy 
distribution of the emitted electrons, and 
thus the effect of detector configurations on 
the image cannot be determined. 

The third technique for image computation 
uses Monte Carlo simulation. In this method, 
random numbers are used as variables in the 
equations which determine electron scattering 
and energy loss so that complete electron tra- 
jectories can be simulated. By computing a 
large enough number of such trajectories, one 
can accurately model the details of the elec- 
tron-beam interaction with a solid. Provided 
that the details of the Monte Carlo model are 
properly set up, such a simulation is useful 
down to a scale of a few X& while providing full 
detail on the energy, direction of motion, and 
position of every electron, both inside the 
specimen and as it leaves the specimen. Not 
only can the effect of different detector con- 
figurations be investigated, but specimens of 
arbirtrary geometry and complexity can be han- 
dled. The Monte Carlo method therefore pro- 
vides the ideal tool for signal computations 
in the simulation. The drawbacks of the tech- 
nique are two-fold. First, considerable com- 
putation time is involved in generating suffi- 
cient trajectories to produce a statistically 
accurate result. However, Monte Carlo pro- 
grams are ideally suited to personal computers, 
so that the time required is not expensive. 
The other drawback is that, as described above, 
the program only provides data about incident 
and backscattered electrons, whereas for SEM 
purposes the secondary electron image is of 
major interest. Although interactions giving 
rise to the production of secondary electrons 
can be incorporated, such programs are cumber- 
some and slow, and of limited validity.* How- 
ever, this problem can be solved if the Monte 
Carlo simulation is combined with a simple 
phenomenological modél of secondary production, 
which allows both BS and SE yields to be com- 
puted simultaneously. It is this model that 
forms the basis of the simulations described 
here. 
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A Model for Computing SE and BS Yields 


A simple procedure for calculating secon- 
dary yields was given by Salow and has been 
subsequently developed by many other work- 
ers.°?” Consider an incident electron travel- 
ing vertically down into the sample (Fig. 1). 
If its energy is E at a depth z beneath the 
surface, then the number N of secondary elec- 
trons produced is 


N= -(1/e) dE/dz (1) 


where € is the energy needed to produce one 
secondary electron. The secondaries are as- 
sured to diffuse away from their creation 
point with a characteristic attenuation length 
X, so that the probability p(s) of traveling a 
distance s from the source point is 


p(s) = exp(-s/A) (2) 


The overall probability p(z)_of reaching the 
surface from depth z is then® 


p(z) = 0.5 exp(-z/d) (3) 
Thus the total secondary yield 6 is 


6= Jnp(z) dz = -(a/2e) J SE exp(-2/2) az (4) 


In the original derivation, dE/dz was estimat- 
ed from a simple analytical approximation for 
the electron range, so that the variation of 
secondary yield with incident energy can be 
found analytically. Although greatly oversin- 
plified, the Salow model provides a useful ap- 
proximation to the yield curve. 

The model can be improved and generalized 
if it is incorporated as part of a Monte Carlo 
simulation.°’!° The simulation provides the 
energy loss required in Eq. (1), and because 
the coordinates of the trajectory of. each 
electron are completely specified, the escape 
probability to the surface (Eq. 3) can be in- 
tegrated point by point to give the resultant 
secondary yield. The variables e« and i are 
found by comparison of computed secondary 
yields as a function of beam energy with ex- 
perimental data; e.g., for silicon « is 70 eV 
and A is 30 A, and for copper « is 125 eV and 
A is 25 R.?° This simple hybrid model gives 
excellent results for a wide range of materi- 
als and experimental conditions, and provides 
an ideal foundation for the proposed image 
modeling because both the secondary and back- 
scattered yields are computed simultaneously. 
The final step is therefore to see how it can 
be applied. 


Modeling a Real Speciman 


The most important decision one must make 
when preparing to compute an image or a line 
profile is the spatial resolution of the simu- 
lation. That is not simply a matter of match- 
ing the spacing of the computation points to 
the pixel spacing of the experimental micro- 
graph, but also of choosing to use approxima- 
tions appropriate to the signal mode to be 
used. The secondary electron signal is usual- 
ly described as being the sum of three compon- 
ents: SET, the secondaries produced at the in- 
cident beam point; SE;7;, the secondaries by 
exiting backscattered electrons in the sample; 
and SEJII, secondaries produced by the impact 


of BS electrons on the polepiece and specimen 
chamber walls of the SEM.7+ Typically only 
10-15% of the total SE signal is made up of 
the SE{T component, but in an unoptimized in- 
strument 50% or more may be SEy[J. Peters has 
pointed out that the spatial resolutions of 
these components (and of the information that 
they carry) are quite different.12 The SE] 
Signal has a spatial resolution of the order 
of A and so is a high-resolution mode. How- 
ever, in order to make use of this informa- 
tion, the pixel resolution of the image must 
also be comparable to A, else the contrast is 
not visible. Hence SE] contrast is only sig- 
nificant at magnifications of typically 

20 000x or higher. Below that the signal con- 
trast is carried by SE]f]I and SETI}I electrons. 

If a high magnification (SE[) image is to 
be simulated, the approximations used in the 
model must also be on an appropriate scale. 
Both the SE generation function (i.e., the 
Monte Carlo simulation used in Eq. 1) and the 
modeling of the surface and the integration 
used to determine the escape probability func- 
tion (Eq. 3) must be carried out by use of 
numerical techniques with a scale of tens of 

When simulating a lower-magnification im- 
age, where the image contrast is carried by 
the SET] and SETI] electrons, correspondingly 
lower-resolution models can be employed. To 
illustrate these points, let us consider a 
particular example. Quantitative image simu- 
lation is required when the SEM is used to 
measure the width of a structure such as in- 
terconnect line in an integrated circuit. 

Such Critical Dimension Metrology now forms an 
important part of the usage of the SEM by the 
semiconductor industry.? Metrology relies on 
the assumption that it will be possible to de- 
duce, from the form of a suitably positioned 
SE or BS line, profile information about the 
physical dimensions of the specimen. To do 
that, one must clearly be able to predict how 
the contrast features in the line profile re- 
late to the geometry of the sample. Figure 2 
shows the crosssection of a basic example of 
the type of structure that might be measured, 
a line of photoresist 1 yum wide by 0.5 um 
high, on a substrate of silicon. Experimen- 
tally the profile of such structures is scanned 
with the beam stepping at 100 or 200 A inter- 
vals,and with a probe size of typically 250 &, 
which implies that only SEj[ and SEyyzqz con- 
trast effects will be significant. 

Since we are modeling at a relatively low 
resolution, the specimen can be treated as de- 
termined by planar surfaces with no fine struc- 
ture of their own. The Monte Carlo model, 
which provides the electron trajectories and 
hence the generation function for the secon- 
dary electrons, also needs only a resolution of 
a few hundred A. Such a resolution can be 
achieved by use of a plural scattering model.?? 
In this model, the electron range (determined 
from the Bethe continuous slowing approxima- 
tion} is divided into 50 or so steps of equal 
length. Since electron ranges are of the order 
of a few microns for incident beam energies of 
10-20 keV, the segment steps are a few hundred 
R in length and so compatible with the re- 
quired scale of the simulation. Along each 
step segment of the trajectory the electron is 
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assumed to travel in a straight line; at the 
end of the step the electron is scattered 
through an angle derived from the screened 
Rutherford cross section. The parameters in 
this function are chosen so that the experi- 
mentally determined backscattering coefficient 
for the material is obtained when a suffi- 
ciently large number of trajectories are simu- 
lated. The energy loss along each step is 
found from the Bethe expression and the known 
step length, and then used in Eq. (1) to find 
the rate of secondary electron generation. 
This type of model is simple but gives excel- 
lent data and runs rapidly (several trajecto- 
ries per second} even on small computers. 

As would be expected, one finds the back- 
scattered signal yield as a function of the 
incident beam position by tracking each elec- 
tron and counting the number that leave the 
specimen. However, since we are attempting to 
simulate an experimental situation, this sim- 
ple criterion must be modified so that only 
backscattered electrons that would actually 
strike the detector form part of the computed 
profile. In the examples shown here the back- 
scattered detector is assumed to be an annular 
device symmetrically placed about the incident 
beam and effectively subtending a hemisphere 
at the specimen. However, in a more restrict- 
ed detector geometry, electrons that missed 
the detector might still strike the specimen 
chamber walls and generate SE][{] electrons. 
and so this number would also be stored. Fin- 
ally, electrons that leave the structure with 
a positive component of velocity in the z- 
direction, that is toward the silicon, will be 
"re-collected'' by the sample. Such electrons 
must therefore continue to be tracked until 
they finally lose their energy or are back- 
scattered again. 

Secondary electrons are generated through- 
out the beam interaction volume, but the SE 
signal actually detected depends on the number 
that reach the specimen surface; i.e., on the 
escape probability. In the discussion above 
use was made of the so-called "straight-line 
approximation," which treats the secondaries 
as diffusing away from their generation point 
without scattering.** The probability of 
finding a secondary at a given distance from 
its generation source then varies as in Eq. 
(2). For a point source at a depth z beneath 
an infinite plane, integration of Eq. (2) 
yields Eq. (3). If the secondaries are gene- 
rated at a uniform rate along the trajectory 
step whose starting z-coordinate is z and 
whose final z-coordinate is zy, the corres- 
ponding escape probability is: 

A/2 

p(Z,Zn) = Feu, ee) - exp(-Zn/A)] (5) 
In order to obtain a comparable result for a 
real specimen, such as that in Fig. 2, which 
has many surfaces, a solution based on a sug- 
gestion by Newbury (private communication) has 
been adopted. Consider the situation shown in 
Fig. 3, with the generation point in a volume 
defined by three surfaces. The perpendicular 
distances between the start and finish of the 
trajectory step and each of the three surfaces 
are calculated by use of the standard results 
of coordinate geometry. If these distances 


are (A,Ai), (B, B ) and (C,C }, the escape 
probability p is 


p = p(A,Ai) + p(B,B,) + p(C,C,) (6) 


where p(A, A1) is the result of Eq. 5 with 
A,A, substituted for z and zy, etc. It is 
clear that this aproximation is deficient, not 
least because the multiplying pre-constant 
{i.e., 0.5) is not adjusted even at an edge 
where the solid angle subtended by the plane 
is reduced. As a result p(} is overestimated 
in such regions. However, because the expon- 
ential terms decay rapidly (in a distance of 
the order 4), the error is confined to a nar- 
row region (one or two pixels) around each 
edge and so is not a major limitation to the 
simulation. 

The program to implement these procedures 
is written in PASCAL and run on an AT&T 
6300PC. As with any Monte Carlo simulation 
the precision is inversely proportional to the 
square root of the number of trajectories; 


‘here 5000 or more trajectories are used per 


pixel to give a 1% precision. Data are calcu- 
lated at 100 to 1000 intervals and then in- 
terpolated to produce a profile at uniform 

100A steps. In order to produce the most gen- 
eral result the computation done on the as- 
sumption of a zero-diameter electron probe. 
The resulting line profile or image is then 
convoluted with a spread function to give data 
for a particular probe size. 


Results 


Figure 4 shows SE and BS line profiles from 
the structure of Fig. 2 at 15, 10, 5, and 3 
keV and for a Gaussian probe of 250 A. The 
rapid variation of the profiles with beam en- 
ergy demonstrates how dominant the effect of 
the beam interaction is compared to the in- 
fluence of the geometry of the structure. At 
15 keV, the electron range in both materials 
is about 3 um, greater than either the width 
or height of the line. The SE image produces 
good definition of the edges, because of the 
increased escape probability in this region as 
well as the contribution from BS electrons 
recollected by the substrate. However, the 
magnitude of the rise at the edge is too large 
because of the overestimation of the escape 
probability. The BS profile is not as well 
defined because the interaction volume exceeds 
the line width, so electrons can as easily es- 
cape from regions of the feature. At 10 keV, 
the electron range is reduced to 1.5 m and 
the SE profile displays a greater variation 
across the width of the feature. When the 
beam is at the center of the feature, fewer 
incident electrons go close enough to the 
edges to generate secondaries that can escape, 
so the yield is reduced. The same effect is 
seen in the BS profile although the rise at 
the edge is less marked. Note also the fall in 
the BS yield outside of the edge. Because the 
range is comparable with the line width, a sig- 
nificant fraction of the electrons that would 
be backscattered are stopped by the resist. 
This feature is also just discernible in the 
SE profile, since the SEyz component falis 
with the BS yield, although the SE; component 
is unaffected. 
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At 5 keV, with a beam range of about 0.5 
wm, the tendencies displayed at 10 keV are 
more marked. When the beam is in the center 
of the line, the SE yield falls to the value 
for the bulk resist, but as the beam approach- 
es the edge more SE can escape and the signal 
rises. The BS signal in the center of the 
line is likewise that of bulk resist (i.e., n 
= 0.06) and so the signal falls below the vai- 
ue recorded on the substrate, where n is about 
0.16. The dip outside the edges is now more 
pronounced, but narrower because of the lower 
beam range. Finally, at 3 keV, with a range 
of 0.2 um, both profiles retain essentially 
the same form, but with the transition regions 
sharpened by the reduction of beam range from 
that of 5 keV. 

Even this purely qualitative use of the 
simulation, to identify the factors that give 
rise to variations in the form of the pro- 
files, is valuable--if only because it indi- 
cates that the task of metrology is much more 
complex than might at first appear. However, 
one can also use these profiles in a quantita- 
tive way, by "measuring" them with the various 
algorithms proposed for metrology and compar- 
ing the results with the known geometry that 
was built into the simulation. The extent to 
which this method is useful depends of course 
on the accuracy with which the simulation is 
capable of matching experimental results. The 
comparisons made so far indicate that, for 
situations such as that discussed above, both 
the shape of the profiles and the absolute 
predicted contrast levels are in excellent a- 
greement. This agreement shows that the tech- 
niques used and the approximations made in the 
model to represent the electron-solid inter- 
action are suitably chosen. The most signifi- 
cant limitations are due to effects that are, 
of necessity, difficult to model. Figure 5 
shows an experimental profile from resists 
strips and the comparable computed data. The 
simulation matches the experimental data well 
in form and contrast, but whereas the com- 
puted data have peaks of equal height and a 
level baseline, the experimental data have 
neither. Although the explanation of these 
effects is straightforward (i.e., the varia- 
tions in collection efficiency are a function 
of the feature orientation relative to the de- 
tector or to bandwidth and slew-rate limita- 
tions in the video chain, and the baseline in- 
stability indicates that charging is occuring 


Incident Beam 


FIG. 1.--Geometry for Salow model of secondary- 
electron emission. 


at many points during the scan), incorporating 
them into the simulation is a problem that re- 
Mains to be tackled. Nevertheless, the tech- 
niques discussed here now permit simulations 
for medium resolution images to be carried out 
with enough accuracy to be quantitatively use- 
ful. 
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FIG. 2.--Cross section of resist line on silicon 
substrate. 
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SECONDARY BACKSCATTER 
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Surface 
FIG. 3.--Calculation of SE yield from multiple 
surfaces. 
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FIG. 4.--SE and BS profiles from 15, 10, 5, and 
3 keV from feature of Fig. 2. 
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FIG. 5.--Comparison of experimental and computed 
profiles for resist on substrate. (Experimental 
data courtesy of S. Spiers, ISI Inc.} 
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MONTE CARLO ELECTRON TRAJECTORY SIMULATIONS FOR SCANNING ELECTRON 
MICROSCOPY AND MICROANALYSIS: AN OVERVIEW 


Dale E. Newbury 


The development of a theoretical description 
of beam-specimen interactions to aid in the 
interpretation of images has been a powerful 
stimulus to several forms of microscopy. The 
application of diffraction theory to the in- 
terpretation of transmission electron micro- 
scope images of crystalline materials is an 
outstanding example.? Imaging with the scan- 
ning electron microscope has been for the most 
part a qualitative sort of imaging, with most 
image interpretation relying on intuitive 
judgments on the part of the viewer.? For ex- 
ample in the important case of imaging topo- 
graphic features at low to intermediate magni- 
fications (< 10 000x), subjective interpreta- 
tion is usually adequate. A number of SEM im- 
aging problems go beyond the level of ordinary 
"look-see!! microscopy and require a good un- 
derstanding of electron beam-specimen interac~ 
tions for proper image interpretation. These 
imaging problems include the interpretation of 
fine topographic structure at high magnifica- 
tions (> 10 000x}, the accurate definition of 
the positions of interfaces at high resolu- 
tion, and the interpretation of images which 
arise by means of the special contrast mecha- 
nisms such as magnetic contrast or charge col- 
lection microscopy. Moreover, a model is 
needed that is capable of a numerical descrip- 
tion of beam-specimen interactions as an aid 
to useful quantitative measurements of parame- 
ters. 

In a related field, quantitative electron 
probe x-ray microanalysis is based on a good 
mathematical formulation of electron/x-ray 
specimen interactions.” The complex nature of 
the matrix correction expressions that have 
been derived from this formulation has made 
tractable solutions possible only in the case 
of flat, semi-infinite solids. Extension to 
more complex specimen geometries has been lim- 
ited by the difficulties in introducing finite 
boundaries and interfaces into the calcula- 
tions. 

The development of the technique of Monte 
Carlo electron trajectory simulation has pro- 
vided a tool that is appropriate for modeling 
electron beam-specimen interactions for SEM 
imaging and microanalysis calculations.*>* 
This paper presents an overview of the Monte 
Carlo technique with selected examples to il- 
lustrate its capabilities. A full description 
of a Monte Carlo simulation is beyond the 
scope of this paper. The interested reader is 
referred to several published descrip- 
tions; e 


FormuLatton 


The basic idea of the Monte Carlo technique 
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is to follow the path of an individual beam 
electron as it undergoes scattering events 
within the target. Scattering of electrons 
within solids takes place by means of two dis- 
tinct mechanisms, elastic and inelastic scat- 
tering. Elastic scattering occurs with negli- 
gible loss of energy but is responsible for 
most of the angular deviation the electron 
suffers. Inelastic scattering is responsible 
for transferring energy from the beam electron 
to the target with the subsequent excitation 
of secondary radiation such as x rays, secon- 
dary electrons, etc., but causes negligible 
angular deviation. 

This dichotomy of angular scattering behav- 
ior is taken advantage of in the formulation 
of a Monte Carlo simulation in the following 
way. The basic, repetitive calculation step 
of a Monte Carlo simulation is illustrated in 
Fig. 1. The electron at point Py undergoes a 
scattering event, which causes it to deviate 
from its incident path (the line connecting 
path (the line connecting point Py to point 
Py-1) by an angle ¢. It then travels a dis- 
tance S, the step length of the calculation, 
arriving at a point Pyii, which is located in 
the base of the scattering cone determined by 
>, S, and the azimuthal angle ~. Since in- 
elastic scattering causes a negligible angular 
deviation, the scattering angle is calculated 
solely from consideration of elastic scatter- 
ing. As a consequence, the step length of the 
calculation is related to the mean free path 
X for elastic scattering, 


d = A/oNaOp (1) 


where A is the atomic weight, op is the density, 
Na is Avogadro's number, and op is the cross 
section. The mean free path in turn is deter- 
mined from the total elastic scattering cross 
section. Various formulations of this cross 
section are available. Many simple Monte Car- 
lo calculations employ the screened Rutherford 
cross section for ease of implementing the 
calculation: 


o = 5.21 x 10772 +4nZ7/[B2a(1 + 0)] (2) 


where E (keV) is the energy of the electron, Z 
is the atomic number of the scattering atom, 
and a is a screening factor given by 


Gs 3.4% 167%z 0:87 Je (3) 


A Single elastic scattering event can produce 
an angular deviation ranging from 0 to 180°. 
A random number is used to select values from 
this range with an expression, which is de- 
rived from the partial cross section and pro- 
duces the observed angular scattering distri- 
bution 


cos ¢ = 1 - [2aR/(1 + ao - R)I (4) 


The azimuthal angle » in the base of the scat- 
tering cone of Fig. 1 is selected by a linearly 


distributed random number in the range where w is the ionization yield. Equation 


OoS<R Sl, (10) permits useful calculations of the x-ray 
Application of Eqs. (1) through (4) in con- yield as the fractional production per elec- 
junction with equations of analytic geometry tron. Other secondary radiation products that 
for calculation of the coordinates permits have been calculated include fast secondary 
: simulation of the trajectory of an electron in electrons ,** electron-hole pairs,'° and slow 
| a stepwise fashion. An example of the simula- secondary electrons.+® 
: tion of 100 trajectories in a copper target is The power of the Monte Carlo technique de- 
: shown in Fig. 2. No single trajectory is rep- Yrives from the variety of information that can 
: resentative of the "average'' electron behav- be constantly monitored for each trajectory: 
ior. A statistically significant number of the sequence of positional coordinates (x,y,z), 
trajectories must be calculated to yield a the instantaneous energy, and the direction of 
meaningful result. Thus, if n trajectories travel relative to a set of axes (X,Y,Z) fixed 
are calculated, the statistical fluctuation is to the specimen. Thus, it is possible to gen- 
expected to be erate spatial, angular, and energy distribu- 
tions for both the primary and secondary ra- 
ni/2 jy = n71/2 (5) diation. By a comparison of the instantaneous 
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coordinates with the calculated or stored 
boundary of a specified target shape, beam in- 
teractions in complex sample geometries can be 
calculated, so that the presence of surfaces 
and interfaces can be taken into account, even 
when the composition of the specimen changes. 
These considerations are illustrated by three 


However, if the particular event of interest 
does not occur for each trajectory, the fluc- 
tuation in that quantity due to statistics are 
increased. For example, if the backscattering 
coefficient n 3 calculated, the precision is 
given by (nn)7*/?. 

Inelastic scattering must be taken into ac- 


: i examples: 

count in order for the electron to have a fin- 
ite range in the target. It is possible in Compostttonal Contrast with Backseat~ 
principle to model each of the inelastic scat- tered Electrons. An estimate of the composi- 
tering processes discretely, as demonstrated tional contrast which is carried by the back- 
by Shimizu et al.* However, because of the scattered electron signal is usually made on 
difficulty in specifying the numerous inelas- the assumption that the signal S is propor- 
tic scattering processes with sufficient accu- tional to the backscattering coefficient n. 
racy, it is much more common in Monte Carlo The contrast AS/Spax, where Smax is the larger 
Simulations to employ the Bethe continuous en- of the two signals, is then calculated as 

; ergy loss anneeet AS/Smax = 4n/Tmax (11) 

| dE/ds = -7.85x10" (p2/EA)1n(1.166E/J) (6) Equation (11) applies strictly to a detector 

| where J is the mean ionization potential+?} that is sensitive only to the total number of 

3 0.19 = electrons emitted from the specimen. With the 

gS Oe te eee } x 10°% (kev) (7) exception of specimen ne detection, all 
Since the step length of the Monte Carlo cal- other electron detectors that are placed ex- 
culation is of the order of a few tens of ternal to the specimen modify the calculated 
nanometers, the energy loss along a single contrast because of the take-off angle and 

; step is small and can be conveniently approxi- solid angle of the detector, and because of 

| mated by the energy response of the detector. The 

2 = Monte Carlo calculation can provide this in- 

; AEB = (dE/ds) * S (8) formation to make a more accurate estimate of 

: Although the energy loss from the beam elec- the contrast. 

: tron due to inelastic scattering is calculated Table 1 gives the results of Monte Carlo 
from Eq. (6), individual inelastic processes calculations for BSE compositional contrast be- 


can still be modeled as needed. As an example, tween couples of aluminum, copper, and gold. 
consider characteristic x-ray production. The The contrast has been calculated for four con- 
cross section for inner-shell ionization is ditions. The total number contrast is the val- 
the starting point for the calculation.?? ue found with Eq. (11) considering all back- 
scattered electrons with equal weight. We cal- 
culated the effect of the energy distribution 
6.51 x 107?°(n*b/E*E,) In(¢*E/E,) (9) of the backscattered electrons on the detector 
response by first forming a histogram of the 
energy distribution of the backscattered elec- 
trons and then convolving that distribution 


oj (ionizations/e/(atom/cm?) = 


where n is the number of electrons in the 
atomic shell, Eg is the critical energy neces- 


Say EO AOnaze ipso lt eaaend and «ame con: with the function which describes the energy 


preannedee parte c segue mean ee response of the detector, as calculated from 
— sf as f the published work of Gedke et al.}? The in- 


stants.** The uubaerbierienty a. and ene ECR crease in contrast that is observed is a con- 
pene Scent Be cenbaned at ube -OL Tomine May sequence of the dependence of the backscattered 
oO cad cuba by “Ele /atatay Product tons electron energy distribution on the atomic num- 

oj (ionizations/e/(atom/cm?) * Na (atoms/mol) * ber. The energy histogram of backscattered 

: electrons also permits simulation of the effect 

(17) mole) * 38 Cehemn 8 Cem) of an energy filter on compositional contrast. 
w(x rays/ionization) = The contrast has been calculated for the exclu- 

sion of backscattered electrons below 0.5 and 
ojNapwS/A (x rays/e) (10) 0.8 of the incident energy. These calculations 
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reveal that a gain in contrast can be realized 
by excluding the low-energy, multiply scat- 
tered electrons. 


2. Type II Magnetic Contrast. The mecha- 
nism of Type II magnetic contrast involves de- 
flection of the beam electrons in the internal 
magnetic field of a specimen.’® In order to 
model the influence of a magnetic field on the 
Scattering process, a "double" Monte Carlo 
procedure was utilized (Fig. 3).1° The calcu- 
lation procedure was identical to that de- 
scribed for Fig. 1, except that after the tra- 
jectory segment Py - Puy, is calculated, the 
effect of the acceleration due to the Lorentz 
force F = e y x B is calculated, which brings 
the electron to a new point, Py,,'. With this 
change to the basic Monte Carlo simulation, a 
wide range of properties of the Type II con~ 
trast mechanism can be simulated. An example 
is the behavior of the contrast as a function 
of the specimen tilt (Fig. 4a). A good corre- 
spondence is found with the experimentally 
measured tilt dependence (Fig. 4b). 


3, X-ray Production in Films. The Monte 
Carlo simulation can be readily adapted to the 
study of x-ray production in thin foils and 
films. The thickness of the foil or film is 
compared to the instantaneous value of the z- 
coordinate of the electron to determine wheth- 
er penetration of the finite thickness of the 
target occurs. In the case of foils, which 
are unsupported, the electron trajectory is 
terminated on penetration through the thick- 
ness. In the case of a film, a supported 
structure, on penetration of the film the 
electron scattering parameters are transferred 
to those of the substrate. The trajectory is 
then followed to determine whether re-entry 
into the film occurs. An example of a calcu- 
lation of x-ray production in thin gold foils 
is shown in Fig. 5.°° The beam energy was 100 
keV and the foil was tilted at 45° from the 
horizontal. The x-ray depth production func- 
tion, denoted $(pz},is calculated from the 
intensity generated at a particular depth nor- 
malized by the intensity calculated for an in- 
finitesimally thin layer in which there is 
negligible elastic scattering. Calculations 
for foils of various thicknesses are shown in 
Fig. 5. These calculations can be compared to 
experimental measurements where a thin layer 
of an element of similar atomic number, in 
this case hafnium, was placed as a tracer on 
the exit surface of the foil. The relative 
intensity of the hafnium tracer is then com- 
pared to the relative intensity of gold x rays 
calculated at the exit surface. Reasonable 
agreement is obtained between the calculations 
and the experimental results. 


Conelustons 


Monte Carlo calculations provide a powerful 
tool for the microscopist and the microanalyst. 
Several computer codes are now available to 
provide a foundation for the user to build up- 
on. Considerable efforts often must be ex- 
pended to adapt the Monte Carlo simulation to 
a particular set of.conditions, but as the ex- 
amples above indicate, the Monte Carlo simula- 
tion is capable of providing insight into many 


problems of interest. The development of pow- 
erful personal computers in recent years has 
made it possible to run Monte Carlo simula- 
tions at greatly reduced expense. Although 
these computers are often a factor of 10 or 
more slower than mainframe systems, their 
ready access makes them an attractive alterna- 
tive for Monte Carlo simulation. The publica- 
tion of working codes for these computers 
should stimulate the use of Monte Carlo simu- 
lations by many microscopists and analysts. 
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FIG. 1.--Fundamental calculation step in a 
Monte Carlo simulation: electron is scattered 
elastically through angle 9 at point Py, trav- 
els step length S, and arrives at point Pyyy 
in base of cone defined by angle ». 
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FIG. 3.--Calculation sequence of a ''double!' 
Monte Carlo calculation used to simulate Type 
II magnetic contrast.*° 
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FIG. 2.--Monte Carlo electron trajectory simu- 
lation for copper target at beam energy of 30 
keV. 100 trajectories were calculated. 
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FIG. 4.--The behavior of Type II magnetic con- 
trast as function of tilt: (a) Monte Carlo 


calculation; (b) direct experimental measure- 
ment .* 
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FIG. 5.--Monte Carlo calculations and experi- 
mental measurements of x-ray production in 
foils of gold of various thicknesses tilted at 
45° to horizontal for beam energy of 100 
kev.*° 


TABLE 1 

Couple Total Contrast modified Contrast for Contrast for 
number for energy E> QO.S E E> 0.8 & 
contrast response 0 0 

Al - Cu 0.465 (3.0%) 0.537 0.544 0.669 

Al - Au 0.669 (2.8%) 0.756 0.743 0.885 

Cu - Au 0.381 (2.2%) 0.472 0.437 0.652 

All calculations are based on 10 000 trajectories. Standard 


deviations are listed in parentheses. 
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SURFACE CHARACTERIZATION BY USE OF AUTOMATED STEREO ANALYSIS AND FRACTALS 


K. A. Thompson 


This is an initial report of an investigation 
to determine the practicality of using mini- 
computers for automated interpretation of 
stereo pair. The procedure involves the use 
of autocorrelation procedures to match fea- 
tures from the stereo pairs, determine the 
height of the feature and repeat for the rest 
of the image. This is a time-consuming pro- 
cess that requires some simplifying algorithms 
to limit the area of autocorrelation and pos- 
sibly the method of autocorrelation. Once to- 
pography has been determined, a method is 
needed to determine the surface roughness 
analytically; one possibility is the determin- 
ation of the fractal dimension, if the surface 
is fractal. This fractality can then be used 
as a characterization index to compare to oth- 
er materials or to cross correlate with other 
experimental techniques. 

Electron stereomicroscopy is a method for 
determining the three-dimensional structure of 
a material. Due to the large depth of field 
for the scanning electron microscope (SEM), 
features at various heights are imaged sharp- 
ly. If two micrographs of the same area of 
the sample are imaged with the specimen tilted 
between each view, different features on one 
image will be shifted relative to other stereo 
micrographs by an amount related to the height 
of the feature. An equation for the height 
relative to the electron optic axis is 


= __p/m 

h = y-sin(6/2) (1) 
in which p is the shift distance, or parralax, 
of the feature between images; m is the magni- 
fication; and 9 is the angle of tilt between 
micrographs. For other frames of reference, 
or if the electron beam is not parallel to the 
optic axis (at low magnification), more com- 
plicated formulas are needed.* In calculating 
the height, one must measure the angle from 
the left to the right image of the stereo 
pair, in the same manner as the shift is mea- 
sured; thus, both negative and positive shifts 
are possible, indicating negative and positive 
heights. From this equation, the height is 
inversely related to the angle; therefore, the 
precision increases as the angle increases. 
Unfortunately, various features are also hid- 
den if the tilt is increased too much; there- 
fore, a medium tilt of 4-15° is sufficient for 
most applications. 

In order to calculate the topography of a 
surface from the stereo pair, some algorithm 
must be formulated to match features between 
micrographs. Normally, a visual evaluation of 
the two micrographs determines which features 
The human eye is very sensitive 
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to textural and tonal features, looking at the 
immediate and surrounding area to find pat- 
terns to match. General shapes are easily ob- 
served, with little regard to absolute inten- 
sities or backgrounds. In addition to the 
low-frequency patterns, the higher-frequency, 
short-range features are also easily discern- 
ible. Subtle changes from one region to an- 
other are visually obvious, but difficult to 
quantify. Sharp features usually take prece- 
dence over other, more subtle features; there- 
fore, a hierarchy to pattern recognition ex-~- 
ists. Each of these pattern-recognition 
capabilities is automatically performed in all 
directions: horizontally, vertically, and 
diagonally. Since this process is very com- 
plicated, stereo-comparators? exist that allow 
the operator to match features, and the compu- 
ter stores the data. For the computer to 
match the features as well, an accurage algo- 
rithm must also be able to recognize patterns 
by similar methods. 

A fairly complicated equation results from 
a similar problem of r factor analysis? for 
which a set of theoretical curves are matched 
to experimental figures to find the best fit. 
This complicated equation can be reformulated 
for the present stereo pair analysis as fol- 
lows: 
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for which 1, and lp are the positions in the 
left image of the starting and final pixels to 
be compared, Ij, and Ip are the intensities of 
the pixel for the left and right stereo im- 
ages, and I' and I'' are the first and second 
derivatives of the intensity, respectively. 

To find the best fit for a particular feature, 
r(1) must be minimized for all pixel starting 
positions in the right stereo image. To be 
completely accurate, this equation must be 
used in as many directions as possible: hori- 
zontally, vertically, and even diagonally. 
Another criterion is that ls and l¢ must be 
chosen appropriately so that the area of com- 
parison is long enough to contain features, 
but short enough that multiple features at 
different heights are not present. 

Equation (2) tries to take into considera- 
tion all feature qualities mentioned above, 
but the resulting equation is very time con- 
suming. One valid simplification is to short- 
en the area of comparison on the right stereo 
image. The parallax can only occur perpendic- 
ular to the tilt axis; thus, only starting 
pixels along this direction need be consid- 
ered. If the parallax is forced to coincide 
with an image axis, the calculation needs to 


be performed only in that direction. In addi- 
tion, maximum and minimum height requirements 
can be set, limiting the number of possible 
pixel shifts. But even with these simplifica- 
tions, the time requirement may be prohibitive 
unless (1) further approximations are made, 
(2) the dimensions of the image matrix are 
small, or (3) the speed of the computer is 
sufficiently fast to handle the computations 
(for example, if the computer has parallel- 
processing hardware). Other simplifications 
may also be possible; if parts of Eq. (2) are 
fairly constant or small, they may be elimi- 
nated. For example, if the brightness and 
contrast of both images are sufficiently close 
to each other, the normalizing constant c 
would be equal to unity. 

Autocorrelation of a series is another sinm- 
ilar mathematical treatment that can be ap- 
plied to this problem. Its formula is as fol- 
lows: 


r(t) E(I(x) - T][1(x - t) - T]/e [1(x)-T]? 


(3) 
T==2 100) 


il 


for which the summations are performed over n 
points in the series with an intensity I at 
each point x, displaced by t. This formula 
approaches unity as the series correlates. 

The method in which it could be applied to the 
present problem is the replacement of the 

I(x - t) term by the other half of the stereo 
pair. Since most features are recognized by a 
change in intensity as a function of distance, 
the derivative may be a better choice than the 
direct intensity. If this substitution is 
made, this formula begins to resemble Eq. (2) 
and the similarity of autocorrelation and r- 
factor analysis becomes more apparent. Equa- 
tion (2) has the advantage that contrast and 
brightness variations between the two images 
need not be the same, but has the disadvantage 
of amplifying noise variations, which may in- 
validate this method. For the purpose of this 
investigation, different combinations and sim- 
plifications of these equations are being 
tested to find the fastest method with suffi- 
cient accuracy. 

The main purpose of using the stereo images 
to determine the three-dimensional character- 
istics of a surface is to determine the actual 
morphology of the material. For example, if a 
pit exists on a corroded material, it is often 
desirable to know the depth and width of the 
pit. By actually placing dimensions on the 
feature of interest, comparison with the test 
sample is facilitated. If some feature can be 
quantified, identification is much more analy- 
tical. Surface roughness is another feature 
that needs to be quantified. Although other 
methods have been suggested for quantifying 
the texture of surfaces, relating the quanti- 
fication to some physical property is benefi- 
cial. Haralick et al. have related the pixel 
brightness variations to 14 such properties, 
among them contrast, correlation, and angular 
second moment, which are properties that refer 
to texture.? Fourier analysis of geometric 
signature waveforms and the concept of fractal 
dimensions also help characterize the surface 


roughness. * Although each of these techniques 


has its advantages and disadvantages, a more 
detailed description of the latter method will 
be given. 

Fractal dimensions were first proposed by 
Mandelbrot.® As a first approximation, the 
rougher a surface is, the higher the fractal 
dimension. Another fundamental property of 
true fractal surfaces is that the general ap- 
pearance of the surface does not change as the 
magnification varies. The perimeter of fine 
particles has been shown to be often fractal 
within certain ranges of resolution,* so that 
it is natural to assume that surfaces will 
also be fractal within certain magnifications. 
A method for determining the fractal dimension 
becomes apparent from the scale dependence of 
the length found in the Richardson law® given 
as follows: 

d 4. 

2 = Nn = &y woe (4) 
for which N is the count obtained by measure- 
ment with a gauge of length n, %&0 is the char- 
acteristic length, and d is the fractal dimen- 
sion. If the surface area is calculated as 
the resolution of the image is degraded or as 
the magnification of the image is changed, a 
log-log plot of the gauge length versus sur- 
face area should be a straight line. The 
slope of this line should be equal to 1 - d. 

The fractal dimension of a surface can be 
used as a characterization tool or as a com- 
parison with other experimental techniques. 
For example, theory relating pore geometry toa 
fractal dimensionality, ° using gas adsorption 
isotherms, is being developed. If the fractal 
dimension of pores can be calculated by stereo 
image analysis, a possible method exists to 
test the new theory. In addition, the surface 
area can be directly compared by use of both 
techniques, which is also important in develop- 
ing new theories, proving old ones, or explain- 
ing other phenomena (such as internal surface 
porosity). More work is necessary in testing 
the concepts introduced in this paper; the re- 
sults should be available at a later time. 
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A NOTE ON CHARGING IN LOW-VOLTAGE SEM 


D. C. Joy 


Charging of the specimen under electron-beam 
irradiation is one of the most common problems 
in scanning electron microscopy (SEM). Not 
only does it result in unstable imaging condi- 
tions and a loss in resolution due to defocus 
of the beam, it can even cause permanent 
changes to the specimen since mobile ions can 
translocate under the influence of the induced 
electrostatic field. To minimize problems due 
to charging, optimized imaging conditions must 
be chosen. This paper presents some data to 
aid in this choice. 


The Phystes of Charging 


A detailed model for charging has been sup- 
plied by Cazaux.? In summary, when incident 
electrons irradiate an insulator both elec- 
trons and holes are produced in the beam in- - 
teraction volume. The sign of the majority 
charges is determined by charge conservation. 
Given a secondary electron (SE) yield of 6, 
and a backscattered (BS) yield of n, and if 


6é+n<l (1) 


then the net charge is negative; otherwise, it 
is positive. Figure 1 is a plot of the total 
electron yield (6 + n) for a typical material 
as a function of incident beam energy E.? 

This yield is equal to unity at two energies 
H, and Ez. When E> E,, the inequality (1) is 
satisfied and the sample charges negatively. 
In principle, positive charging would occur 
for Ei < E < Ey but in practice positive 
charging leads to the recollection of low-en- 
ergy secondaries until the yield again falls 
to unity. 

The electrons and holes produced remain 
stationary for a time t, the "residence time," 
and then attempt to drift in the field result- 
ing from the net distribution of charges. If 
drift can occur then the motion of the charges 
produces local conductivity and the charge 
distribution relaxes to some transient equili- 
brium condition. Otherwise the electric field 
continues to increase until dielectric break- 
down occurs and physically destroys the irrad- 
iated region. Since the residence time is 
short even by comparison with typical pixel 
times (i.e., tens of microseconds) this cycle 
of events follows the beam scan position. Af- 
ter a complete scan raster has been scanned, 
the equilibrium charge distribution will occu- 
py the raster area (or a greater area) and in 
the absence of some discharging mechanism such 
as low-energy electron beam irradiation, this 
distribution may remain stable for periods of 
days. 
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Eliminating Charge-up 


One of the best arguments for low-voltage 
SEM follows from Eq. (1) and Fig. 1. If the 
incident beam energy can be sufficiently re- 
duced, then when E reaches E,, (6 + n) becomes 
equal to unity and the net charge deposited is 
reducedto zero, so that neither positive nor 
negative charging occurs. The starting point 
for observing a sample without charging arti- 
facts is therefore to identify the E2 energy 
value appropriate to the specimen being exam- 
ined. Determining E2 experimentally is not an 
easy procedure and requires that an electrome- 
ter be connected to the sample in the SEM. 
Consequently very few E, values are available 
in the literature to guide the SEM operator. 
An alternative approach would be to try to 
calculate Ez. A new model has been developed 
that combines a Monte Carlo trajectory simula- 
tion for the incident electrons and a simple 
diffusion model for secondary-electron produc- 
tion.? With this model, the variation in 
electron yield as a function of beam energy 
can be computed and the value of E2 deduced. 
Table 1 lists E2 values for a number of common 
materials computed using this procedure. 


Table 1 
Material E, energy (keV) 
HRP resist 0.55 
Carbon 0.65 
Aluminum 1.05 
Silicon 1.15 
Teflon 1.9 
GaAs 2.6 
Quartz 3.0 


For some materials the E, value is in the 
energy range of 2-5 keV, which is easily ac- 
cessible on a modern SEM, but for others E, is 
1 keV or less, in the regime where only a ded- 
icated low-voltage SEM has adequate perfor- 
mance. When high-quality imaging of an un- 
coated sample is required, one would therefore 
want to bring E2 to a higher value. To do so, 
we note that when a specimen is tilted, both 8 
and n increase, although raising the beam en- 
ergy (for E > E2) leads to a fall in 6. Hence 
when a sample is tilted the value of Ez rises. 
By use of the Monte Carlo model the variation 
in electron yield with both beam energy and 
tilt can be calculated, so the E, for any in- 
cidence angle can be found. Figure 2 is a 
plot of this computed variation of E2 with 
beam incidence angle for carbon, silicon, and 
HRP photoresist. The E, value rises signifi- 
cantly as the angle increases; the gain is of 
the order of a factor of 2 for a tilt of 45°, 
It is also noticeable that all the curves have 
an approximately similar shape despite the 
differences in absolute yield. 

This type of behavior has been experimental- 
ly studied by Sugiyama et al.3 In their ob- 


servations, E, was estimated by an experimen- 
tally determination of the maximum beam ener- 
gy E, for which a stable image was obtained at 
normal incidence. This procedure was then re- 
peated to determine the equivalent stable im- 
aging energy Ey at some angle of incidence 6. 
For quartz their data fitted the relation 


Et cos*@ = E, (2) 


Sugiyama et al. explained this result by pos- 
tulating that there existed a surface layer, 
equal in depth to the beam penetration at Ep, 
within which two-dimensional charge relaxation 
could occur to stabilize the image. At tilted 
incidence the normal component of velocity is 
reduced by cos $, so that the energy can be 
increased by a factor of cos*o before the beam 
has sufficient energy normal to the surface to 
penetrate below the critical depth. 

As shown in Fig. 3, a replot of the data of 
Fig. 2, again as a function of tilt angle ¢ 
but with the computed E, values multiplied by 
cos?¢, yields almost horizontal lines in each 
case except at the highest tilt angles, which 
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FIG. 1.--Variation of total electron yield 
with beam energy. 
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indicates that the empirical relationship of 
Eq. (2) is again satisfied. Since the com- 
puted data rely purely on a calculation of the 
yield, and the "critical depth" model of Sugi- 
yama et al. is not invoked, this result indi- 
cates that the relationship of Eq. (2) may in 
fact be of more general applicability. Thus, 
given an experimental, or computed, value of 
E, for a material this result provides a cri- 
terion for selecting a tilt condition to shift 
E, to a higher and more convenient value. 
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4A. Optical Spectroscopy: 


Micro-Raman 


EVOLUTION AND PROSPECTS OF RAMAN MICROPROBING TECHNIQUES 


Paul Dhamelincourt and Michel Delhaye 


From the time of its discovery in 1928 until a- 
bout ten years ago, Raman scattering has 
served as a tool for the study of bulk samples 
of macroscopic dimension providing information 
about fundamental molecular properties, and in 
spectrochemical analysis. In principle, the 
excitation and observation of Raman spectra in 
the visible region would allow a better spa- 
tial resolution. Nevertheless, the entry of 
Raman spectroscopy into instrumental micro- 
analysis has not been instantaneous and has 
depended on several major technical advances. 
In the present paper we try to review the evo- 
lution of Raman microprobing techniques, with 
a special emphasis on future trends of this 
analytical method. 


Raman Mieroprobing Evolution 


The intensity of the signal delivered by 
the detector of a spectrometer analyzing a Ra- 
man line can be expressed by 


S « IoNQT (1) 


where I is the irradiance at the sample, o the 
Raman scattering cross section, N the number 
of analyzed molecules, 2 the solid angle of 
collection of scattered light, and T the 
transmission of the instrument optics. 

At the beginning of Raman spectroscopy, when 
the samples were illuminated by incoherent 
light sources, all the terms in Eq. (1) could 
be considered as independent factors. The 
sole means for obtaining sufficient Raman sig- 
nal intensity thus was to increase N by analy- 
zing large volumes of the sample. But with 
‘the development of lasers in the early 1960s a 
new approach was possible. 

It was demonstrated quite earlier that N, 
T, and 2 are not independent when coherent- 
light sources are used? and that focusing la- 
sers beams into samples should make lasers 
useful for microsampling, but some of this po- 
tential has been effectively realized only re- 
cently. Hirschfeld's prediction that Raman 
spectra might be observed from a cubic micron? 
was first verified independently at NBS (USA} 
and at CNRS (University of Lille}. Two pa- 
pers,°** presented in 1974 at the Fourth In- 
ternational Conference on Raman Spectroscopy 
(ICORS), described the first applications of 
Raman microprobing with a spatial resolution 
close to the limit imposed by light diffrac- 
tion phenomena. More complete calculations 
made at NBS and by ourselves followed later®?® 
that clearly confirm the potential of Raman 
microprobing techniques. 

In our laboratory, we were more particularly 
tempted to profit from the excellent analyti- 
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cal characterization offered by Raman spectra 
to map out the distribution of chemical sub- 
stances in a heterogeneous sample. In 1975 

we reported the results of the first experi- 
ments on "Raman micrography."? At approxi- 
mately the same time, the concept of "Raman- 
ography" was also introduced by Hartley, who 
proposed to illuminate a gas flow by a flat 
laser beam and to observe a macroscopic dis- 
tribution of the species.® From the results 
of initial laboratory experimentation, an in- 
dustrial prototype was shown at the Fifth 
ICORS in 1976 which was the outcome of a joint 
development effort conducted with French in- 
dustry. The first generation of commercially 
available Raman microprobes (MOLEs) were con- 
structed under license??? between 1977 and 
1980 (Jobin-Yvon ISA}. By that time Raman mi- 
croprobing techniques had matured to the point 
at which nondestructive molecular microanaly- 
sis became entirely practicable for both aca- 
demic research and industrial purposes, and a 
large number of applications in various do- 
mains were described in the literature.t}»>12 
Figure 1 shows the evolution of the analyzed 
sample volume over the past decades. However, 
one of the limitations of these earlier micro- 
probing techniques using scanning spectrom- 
eters with single-channel photodetectors (PMT) 
resulted from the high irradiance required at 
the sample (typically 10° to 10° kW/cm?), which 
causes degradation of fragile samples during 
the long exposure time required to record the 
spectra. One of the most dramatic advances 
that helped to overcome this difficulty has 
been achieved through the development of multi- 
channel photodetectors. As emphasized by Bri- 
doux and coworkers?® as early as 1973, multi- 
channel detectors offer significant advantages 
over conventional scanning techniques; but to 
obtain the full benefit from the inherent 
superiority of these detectors, it is not suf- 
ficient to replace the photomultiplier at the 
output of an existing instrument by a multi- 
channel detector. The entire optical system 
has to be redesigned to meet the appropriate 
requirements. Since the first experiments de- 
scribed by Bridoux, great progress has been 
made in the development of multichannel detec- 
tors. Thus, as early as 1980, we developed at 
Lille, again in close collaboration with French 
industry (DILOR Company), a second generation 
of a Raman microprobe employing spectrographic 
dispersion with an intensified silicon diode 
array as the detector.** Micro-Raman instru- 
ments, using commercially available multiplex 
detection systems and more or less optimized 
coupling with optics, were developed in labo- 
ratories***+® and by companies!” (Spex Indus- 
tries, Jobin-Yvon ISA, and others). 

More than 250 papers have been published up 
to now, which illustrates the potential of Ra- 
man microprobing techniques in a large variety 
of domains. Moreover, calculations have also 
been carried out that demonstrate accurate 
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FIG. 1.--Evolution of effective sample volume 
analyzed in Raman experiments over past 
decade. 


polarization measurements can be achieved.?® 


Prospects of Raman Microprobing 


Physical limits are now attained for the 
spatial resolution and detector sensitivity. 
Fluorescence, the bugbear of Raman spectros- 
copists, is still by far the greatest problem, 
though generally less severe than the one en- 
countered with conventional spectrometers, be- 
cause it is possible to select small non- 
fluorescent areas in the sample. Neverthe- 
less, it is still hindering a fair number of 
sample investigations. Future improvements 
aimed at minimizing this problem may well come 
about from the use of pulsed lasers in the 
picosecond range associated with gated detec~ 
tion in order to discriminate Raman features 
against spectral background. Furthermore, ex- 
citing prospects appear on the horizon from 
the use of FT Raman spectrometers working in 
the near infrared that will minimize the prob- 
lems arising from the excitation of sample 
fluorescence.’* Indeed, the improved sensi- 
tivity of FT spectroscopy should compensate 
for the weaker Raman signal due to the excita- 
tion in the near infrared. 

In this case the most critical difficulties 
to be overcome involve the filtering of the 
Rayleigh line. One significant breakthrough 
should certainly come from the recent develop- 
ment of filters based on the Bragg diffraction 
of light in the optical domain.**® Another fu- 
ture opportunity for the development of Raman 
microprobing is to combine, in a single in- 
strument, this technique with other widely 
used microanalytical methods such as the elec- 
tron probe and the laser mass spectrometer. 
Techniques based on coherent anti-~stokes emis- 
sion and nonlinear effects should also de~ 
velop.?? At last, improved computer tech- 
niques should lead toward the complete automa- 
tion of the analytical procedure by designing 
“intelligent spectrometers." 
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TOMAS HIRSCHFELD: REFLECTIONS ON THE LIFE AND WORK OF A 'MICRO' PIONEER 


F. P. Milanovich 


Tomas Hirschfeld immigrated to the U.S. from 
Uruguay in 1968. He brought with him a degree 
in chemical engineering and a dedication to 
scientific research that would, in his unfor- 
tunately short lifetime, raise him to near- 
legendary stature among his peers. 

I first met Tomas at the 1974 International 
Conference on Raman Spectrsocopy in Brunswick, 
Maine. He was giving a paper on the status of 
Raman research at Block Engineering. Such 
talks were to become Tomas's forum. His 
greatest pleasure in research was in conveying, 
in his characteristically enthusiastic manner, 
new ideas to any and all who would listen. 

The talk in Maine had all the characteristics 
that I would find in numerous presentations of 
his that I heard later. The technical content 
was highly innovative, there was standing room 
only, and he had more to say than there was 
time for. (At an internal LLNL symposium, To- 
mas had a conflict and could not attend. He 
sent a prerecorded slide show in his place and 
even that ran over time!) 

At Block Engineering, Tomas quickly rose to 
chief scientist, and at once became the com- 
pany's major intellectual driving force. His 
early work concentrated on several significant 
applications of Raman scattering, including 
remote atmospheric sensing and a '"TV-camera"- 
based micro-Raman spectrometer. These two ef- 
forts were at what was then the forefront of 
research in the field. 

For a scientist to be at the forefront of 
his field would, for most of us, be a lifetime 
ambition. To have been there as early, and in 
as many areas as Tomas, is a true measure of 
his genius. These fields included remote at- 
mosphere sensing, micro-Raman spectroscopy, 
FTIR, "hyphenated" instruments, and most re- 
cently fiber-optic-based chemical sensors, FT 
Raman spectroscopy, and microstructures. 

These endeavors generally encompassed his sci- 
entific background in chemistry and spectros- 
copy. However, if you were to ask Tomas what 
he considered himself, you would not get the 
conventional answer of scientist, chemist, or 
engineer. He used only two words: pioneer 
and inventor, with emphasis on the latter. 

The spirit of invention that Tomas por- 
trayed was fueled by a sort of irreverence 
that he held for conventional ways of thinking 
and conventional approaches to problem solv- 
ing. He was a collector of axioms that re- 
flected his beliefs. One of his favorites was 
tacked tothe bulletin board beside his desk: 
"Anything can be made smaller~-never mind 
physics." This axiom dominated the later 


years of his research. 
Tomas joined the Lawrence Livermore Nation- 


al Laboratory (LLNL) in 1979. He so impressed 
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several organizations within LLNL that his 
first position was jointly with the Biomedical 
Division, the Chemistry Department, and the 
Laser Program, In time it became apparent to 
Tomas that the Chemistry Department, owing to 
its broad relationship with the entire labora- 
tory, was the best place for a man of his tal- 
ents. He assumed a full-time position in the 
Chemistry Department, where he brought his ma- 
jor LLNL accomplishments to fruition. 

Many of them were in the development of mi- 
crostructures. In the major weapons programs 
at the Laboratory, a significant premium is 
placed on size and weight. This was an excel- 
lent arena for Tomas in which to pursue his 
fascination with the small. He made numerous 
contributions to reducing the size of a compo- 
nent while maintaining its performance. None 
was more ingenious than his "sweat gland." 
This tiny device was modeled after the human 
sweat gland. (Tomas derived many of his ideas 
from biological organisms.) It actively 
transported water vapor from an enclosure at a 
savings of better than an order of magnitude 
weight over other available solutions. Tomas 
received a prestigious IR-100 award for this 
accomplishment. He took great pride in these 
awards, of which he received six in his career, 
--more than many major U.S. corporations can 
lay claim to. 

Tomas's talents did not rest with his sci- 
entific ingenuity alone. After he left indus- 
try, his research programs could not follow 
him; so, in essence, he was starting from 
scratch when he came to Livermore. He exhib- 
ited political skills as he began to establish 
himself and his programs. These skills were 
to bring him in a few short years a research 
budget that approached $2 million annually and 
a research group of about 20 individuals. 

The best example of his skills was the de- 
velopment of the LLNL micro-Raman spectrometer. 
Tomas had left the development of a micro-Raman 
spectrometer at Block Engineering and wanted 
very much to start a new effort based on some 
new concepts. It would be an expensive and 
lengthy development; at that time, circa 1980, 
there was no proponent of analytical Raman 
spectroscopy at Livermore (besides myself). 
Tomas, sensing that a direct approach to pro- 
curing funding would likely be futile, invited 
colleague to give a broad-based lecture on the 
applications of micro-Raman spectroscopy. In 
the intermim, he contacted key individuals 
from programs of potential support and invited 
them to this informative lecture. The idea was 
to let the potential user come up with the 
problem and let Tomas provide the solution. 
The strategy worked and we had a sanctioned 
program in micro-Raman development that was 
financed by several potential users. 

The project was to be pursued by Tomas, 
Dave Johnson, and myself. Dave was to commit 
Tomas's ideas to paper and oversee the machin- 
ing and construction; I was responsible for 


component breadboarding, system integration, 
and eventually the operation of the instru- 
ment. The device was designed around a bifo- 
cal collection ellipsoid. I recall studying 
the engineering drawings of the ellipsoid and 
wondering why it was designed at precisely the 
numerical aperture of 0.28. I raised this 
question with Tomas and he replied simply that 
it was the polarization conserving angle of 
collection. Not to look too ignorant in his 
presence I answered, "Of course," and then 
slipped off to the library to refresh my memo- 
ry on this magic angle. After several days of 
futile searching I sheepishly returned to To- 
mas and said that I could find no information 
about this unique angle. Tomas replied, "Of 
course not--I haven't published it yet!" It 
was then that I finally realized the sheer 
magnitude of his technical productivity. He 


introduced me to three filing cabinet drawers 
titled "Raman Unpublished" and said that the 
information I needed was in there somewhere. 
I found the information and much more. Here 
were dozens of short to intermediate-length 
technical notes that any of us would proudly 
include in our curriculum vitae. He simply 
had no time to publish them. Most of his tru- 
ly innovative work, though, is in the open 
literature and will serve many of us for de- 
cades to come, 

We lost Tomas in April 1986 at the young 
age of 46. He was as devoted a family man as 
he was a dedicated scientist. His loss is 
shared by many. At times like this it is 
sometimes customary to attempt to quantify a 
lifetime achievement. However, for his col- 


leagues at Livermore, his greatness is more 
than adequately measured by the magnitude of 
his lingering presence. 


FIG. 1.--Most recent photograph of Tomas and his group in the Chemistry and Material Science 


Division of LLNL. 


Behind Tomas, from left, S. C. Macevicz, W. G. Anderson, F. Miller, N. Thom- 


as, G. R. Haugen, H. H. Miller, W. C. Hui, M. Lewis, J. E. Lane, S. M. Angel; in front, J. L. 
Hattabaugh, W. Burke, J. N. Roe, D. Olmess, R. Steinhaus, W. A. Steele. 
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NIR FT-RAMAN OF DERIVATIZED CONTROLLED PORE GLASS 


D. D. Archibald and D. E. Honigs 


Enzymes, fluorophores, or alkyl chains bound 
to silica create surfaces that are useful in a 
variety of analytical methods. The three 
bonded phases mentioned above are typical of 
the current generation of surfaces used to 
distinguish chemical species in solution. In 
their fundamental form, surface sensors con- 
sist of solid substrates with bonded phases 
that to some extent selectively respond to 
analytes. These phases generally enhance the 
spectroscopic, electrochemical, or other re- 
sponse of the analyte over that observed in 
the absence of the surface interaction. 

To understand the mechanisms of surface 
sensing, and to develop surface sensors, we 
are currently examining bonded phases of con- 
trolled pore glass (CPG). Near Infrared Four- 
ier Transform Raman (NIR FT-Raman) spectros- 
copy provides several advantages in the char- 
acterization of carbon-containing compounds 
on CPG in an aqueous environment. First, 
fluorescent interferences from the specimen 
are absent, which is clearly important for the 
examination of fluorescent derivatives that 
are commonly bound to substrates, This advan- 
tage is also important in overcoming fluores- 
cent interferences arising from impurities in 
the CPG. Even if the magnitude of this fluo- 
rescence is small, it can be a large interfer- 
ence to the Raman signal of the surface deriv- 
ative, because of the minute concentration of 
the derivative. The second advantage is the 
fact that the polar bonds of the silica and 
the water are weak Raman scatterers relative to 
the carbon-silicon, carbon-carbon and carbon- 
hydrogen bonds of the derivative, which allows 
one to detect small amounts of the bonded 
phase in the presence of much larger amounts 
of water and silica. Furthermore, Raman spec- 
tra are highly characteristic of the connec- 
tivity and conformation of the bonded mole- 
cules, 

The geometry of the FT-Raman optics and the 
techniques used to sample the silica specimens 
have been established. CPG silanized with 
3-aminopropyltriethoxysilane is the focus of 
initial studies. The detection limit of the 
hydrolyzed silane in aqueous solution and the 
effect of the unreacted CPG on the spectrum of 
the silane are being investigated. These mea- 
surements are important in the evaluation of 
the amount of silane detectable on the sila- 
nized CPG. We are also examining the rela- 
tionship of the silicon-carbon stretch band to 
the nature of the bonding between the silane 
molecules and the silica. 


Prospects for Microprobe FT-Raman Spectroscopy 


Fourier Transform Raman spectroscopy has 
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several features that make it attractive as an 


«optical microprobe technique. First, near in- 


frared excitation is a feasible method because 
of the combination of throughput and multiplex 
advantages of FT spectroscopy. Despite the 
decrease in spatial resolution because of the 
larger diffraction-limited spot size, the use 
of NIR excitation is often useful because it 
provides solutions to the problems of specimen 
fluorescence and photodegradation.!’* Use of 
the near-infrared excitation is also advanta- 
geous because of the low molar absorptivity of 
common materials in this spectral region. 
Compared to visible photons, more NIR photons 
can be focused onto a spot of a typical speci- 
men before heating results in damage of the 
specimen. This advantage is directly opposed 
by the decreased efficiency of Raman scatter- 
ing by virtue of using longer-wavelength exci- 
tation. 

Another feature of FT-Raman spectroscopy 
that would be useful for microanalysis is the 
extreme frequency accuracy of an FT spectrome- 
ter, which makes for accurate spectral sub- 
tractions and comparisons.*? Although spectral 
subtractions can be successfully done by dis- 
persive Raman, extreme care is required in or- 
der to achieve and maintain sufficient fre- 
quency calibration. 

In a Raman microprobe instrument, source 
focusing and spatial filtering is used to re- 
duce the volume from which scattered light is 
collected. This reduction in sampling volume 
lends itself quite well to the FT-Raman exper- 
iment. The major difficulty with FT-Raman 
measurements is that after Fourier transforma- 
tion the noise in the elastically scattered 
line is essentially spread over the entire Ra- 
man spectrum.*?° To achieve a decent Raman 
spectrum, the laser frequency must be attenu- 
ated by a factor of 10° to 10+? depending on 
the stability of the laser, the collection ge- 
ometry, the particular specimen, and the in- 
tensity of the Raman line under observa- 
tion. 2??? 

The most useful filters for eliminating 
elastically scattered light are based on either 
interference or diffraction phenomena. These 
devices generally exhibit a sharper cutoff 
than absorption filters and so less of the Ra- 
man spectrum is obscured.**”? Interference and 
dichroic filters function by creating inter- 
ference between thin and uniform dielectric 
layers; unlike in absorption filters, the re- 
jection efficiency of dichroic filters shows a 
marked angular dependence. 

Certain crystalline colloidal arrays can 
Bragg diffract a certain frequency of NIR or 
visible light, much as crystals can be used to 
diffract x radiation.®’* These filters have 
not been employed in an FT-Raman instrument, 
but they have been used to construct disper- 
sive instruments,’°’+! Theoretically the re- 
jection efficiency can be higher than 107® and 
a rejection of 10° has been observed in prac- 
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tice.?*1'° The bandwidth of rejection is of 


the same order as interference and dichroic 
filters, but the transmission is higher and 
more constant across the passband. 

Absorption filters are useful for collec- 
tion of scattered light from a large volume 
where the light cannot be collimated for fil- 
tering by diffraction or interference~based 
filters. As the sampling volume is decreased 
through efficient focusing of the excitation 
laser and through efficient spatial filtering, 
the ability to collimate the collected light 
increases. Consequently, interference- and 
diffraction-based filters become more effi- 
cient and the S/N of the Raman spectrum does 
not decrease as fast as it would in an absorp- 
tion filtering FT-Raman or for multichannel 
dispersive Raman instruments. 
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REAL-TIME RAMAN DETECTION OF MOLECULAR CHANGES IN CERAMICS UNDERGOING SLIDING FRICTION 


G. J. Exarhos and M. S. Donley 


Time-resolved Raman spectroscopy was used to 
probe the wear track caused by contact between 
a rotating ceramic disk (boron nitride or sil- 
icon carbide) and either a steel ball bearing 
or a silicon carbide wedge. The visco-elastic 
response of the hexagonal phase of boron ni- 
tride, which is used as a solid lubricant, was 
evaluated on a millisecond time scale. Vibra- 
tional spectra indicate that this material ac- 
tually becomes a better lubricant under condi- 
tions of increased force between the wear tip 
and spinning disk. Similar studies involving 
wear between a silicon carbide disk and sili~ 
con carbide wear tip indicated that decomposi- 
tion and/or segregation of elemental silicon 
and carbon occurred at high wear rates. The 
surface temperature near the wear tip was de- 
termined from measured vibrational spectra and 
the temperature profile around the wear track 
was evaluated. Evidence for oxidation of car- 
bon at the surface was inferred from measured 
spectra. Application of this laser-based 
technique to tribological studies provides in- 
formation relating to localized heating, re- 
laxation dynamics, and phase transformation/ 
decomposition phenomena useful for understand- 
ing the fundamental mechanisms of friction and 
wear. 


Experimental 


Samples for investigation were fabricated 
in the shape of 15cm-diameter disks 1.5 cm 
thick. A 2.5cm~-diameter hole was located at 
the center of each disk to facilitate mounting 
on a 0.lhp electric motor with an average ro- 
tational speed of 1700 rpm. Disks were com- 
prised of either a high-purity grade of the 
hexagonal phase of boron nitride (BN) or a 
commercial grade of cubic silicon carbide 
(SiC) containing an unspecified binder materi- 
al. A stainless steel bearing (0.5cm-diame- 
ter) or silicon carbide wedge (1 cm in length) 
served as wear tips and were mounted in a 
spring-loaded jig. A variable load (0-500 g) 
could be supplied to the wear tip in contact 
with the spinning disk by means of a calibrat- 
ed micrometer drive mechanism. In this man- 
ner, wear tracks could be cut into the spin- 
ning disk at variable distances from the cen- 
ter. 

Raman spectra were excited by use of a 
backscattering geometry. CW radiation from a 
Spectra Physics 164-09 Ar* laser (488 nm) was 
focused to a spot size between 10 and 50 um 
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within a wear track of the spinning disk. 
Scattered radiation was collected at 45° and 
imaged onto the entrance slits of a 0.85m Spex 
Model 1403 double monochromator. Dispersed 
radiation was analyzed using either a conven- 
tional photomultiplier detector and associated 
photon-counting electronics or in a time-re- 
solved manner using a gateable intensified di- 
ode array detector (Tracor Northern Model 
6133) and associated parallel processing elec- 
tronics. In the latter case, the spectrometer 
was operated without intermediate or exit 
slits, and lower groove density gratings (150 
g/mm) were installed to increase the bandwidth. 
A narrow bandwidth rejection filter (12 nm} 
centered at the probe laser wavelength was 
necessary to minimize stray light in the mono- 
chromator under these conditions. 


Results and Discusston 


Traditional friction-and-wear studies are 
concerned with factors which control the rate 
of material abrasion, such as atmospheric hu- 
midity, not the mechanisms responsible for the 
process.’ Often, agreement of experimental 
results between otherwise seemingly identical 
measurements is difficult to achieve. Real- 
time Raman studies can directly probe physical 
and chemical changes of a material undergoing 
wear on a molecular level and provide insight 
for understanding both the mechanistics and 
kinetics of the process. Initial studies were 
focused on two contrasting materials. 


Hexagonal Boron Nitride. Stoichiometric BN 
can exist in both hexagonal and cubic crystal- 
line modifications. The molecular structure 
of the soft hexagonal phase (similar to graph- 
ite), which is used as a lubricant (Fig. 1), 
is different from that of graphite in that the 
atoms are positioned on top of each other (bo- 
ron on nitrogen} in adjacent layers, rather 
than skewed with atoms in one. layer lying di- 
rectly above the hexagonal holes in the lower 
layer. Two vibrational lines are characteris- 
tic of hexagonal BN. A strong, sharp high- 
frequency line at 1366 cm7+ is assigned to in- 
traplanar shear-type rigid layer mode.? 

Time-resolved Raman spectra were measured 
from the wear track of a rapidly spinning disk 
as a function of applied load. Thirty-two 
spectra acquired over 3.2 s and zero load re- 
vealed a curious exponential intensity de- 
crease of the entire spectrum immediately on 
excitation. At times longer than about 3 s, 
the intensity showed no further changes. Ap- 
parently, surface fluorescence due to adsorbed 
-OH or organic binder was bleached or removed 
by the laser excitation, which contributed 
initially to a large background signal. High- 
resolution measurements of the intraplanar 
mode as a function of increasing applied load 
showed a reversible frequency shift from 1366 
to 1368 cm? (Fig. 2). The bandwidth also de- 
creased reversibly with increasing load. OQb- 


served frequency shifts suggest an increase in 
the strength of intraplanar bonding at in- 
creased loads. Additional measurements of the 
frequency dependence of the low-frequency mode 
are in progress; current measurements indicate 
a frequency decrease with increasing load, 
which suggests a weakening of the interplanar 
forces. Results suggest that hexagonal BN be- 
comes a better lubricant at higher loads. 


Cubte SiC. Silicon carbide can exist as a 
number of crystal polytypes differentiated on- 
ly by the dimension of the unit cell in the 
c-direction. This dimension is controlled by 
the repeat distance of tetrahedrally bonded 
(-C-Si-) units in a chain along the c-axis of 
the unit cell. Ail polytypes are composed of 
hexagonal double layers of Si-C, which main- 
tain fourfold coordination of each atom. Sec- 
ond-nearest-neighbor atoms can exist in either 
a hexagonal or cubic configuration; permuta- 
tions of this packing sequence determine the 
crystal polytype. Each polytype exhibits a 
particular series of folded modes evident in 
the Raman spectrum that arise from transverse 
acoustic and transverse optic phonon branches 
in the c-direction of the unit celi.3 

Silicon carbide is ahard refractory ceramic 
used in engines and engine-bearing applications 
as well asin cutting applications for metal 
working and drilling. The wear track caused by a 
silicon carbide weartip onarapidly rotating 
disk of silicon carbide was investigated in 
real time by Raman spectroscopy. Figure 3 is 
the Raman spectrum of the spinning disk with 
no load applied. Lines observed at 766 cm’, 
787 cm7*, 796 cm~* (TO), and 970 cm? (LO) are 
characteristic of the 15R polytype which has 
15 carbon and 15 silicon atoms along the c- 
axis of the unit cell. The feature at 520 
cm-* is indicative of crystalline silicon; the 
weak bands at 1530 and 1580 cm-! can be as- 
cribed to nongraphitic and graphitic carbon, 
respectively. Under static conditions, the 
relative band intensities change when the la- 
ser probe is moved to a new area indicating 
composition microheterogeneity. In fact, some 
regions appear richer in carbon or silicon 
than silicon carbide. Raman spectra acquired 
while the disk is spinning represent an aver- 
age over these inhomogeneous regions. 

A representative Raman spectrum acquired at 
high loads is shown in Fig. 4. Marked inten- 
sity changes in regions of the spectrum asso- 
ciated with elemental silicon or carbon spe- 
cies relative to silicon carbide bands are ob- 
served. In addition, slight broadening of the 
SiC lines and a line shift to lower frequen- 
cies are observed. Results indicate that 
friction causes decomposition of SiC and/or 
surface segregation of elemental Si and C. 
During wear, carbon is present in both an 
amorphous phase and as graphite, indicated by 
features at 1360 and 1580 cm-*, respectively. 
The low-frequency mode arises from nonplanar 
microstructural distortions and has been prev- 


iously assigned." The broad feature centered 
at 1600 cm-* is indicative of the initiation 
of carbon oxidation and formation of localized 
>c=0 groups. 

Vibrational frequency shifts of ca,1.0 cm” 
observed for the strong TO phonon line of SiC 
suggest a surface temperature of 345 K based 
on the temperature dependence of SiC vibra- 
tional frequencies reported by Cardona and co- 
workers.° The molecular temperature was also 
determined from both Stokes and anti-Stokes 
band intensities for the strong TO mode under 
conditions of high applied load. The intensi- 
ty ratio is proportional to the Boltzmann fac- 
tor. Using the procedure advocated by Malyj 
and Griffiths,® we computed the surface tem- 
perature to be 344 K, which is in good agree- 
ment with the temperature inferred from the 
frequency shift data. The temperature of the 
wear track approximately 15 ms following con- 
tact with the wear tip appears to have equil- 
ibrated at 344 K under these conditions. 


ni 


Conelustons 


Raman spectroscopy has been used to charac- 
terize friction and wear in two contrasting 
ceramic materials. Reversible physical 
changes in boron nitride allow the viscoelas- 
tic properties of the solid to be followed un- 
der conditions where chemical reactions such 
as oxidation have not yet occurred. Converse- 
ly, both chemical changes (decomposition, oxi- 
dation) and physical changes (heating) have 
been observed for silicon carbide under condi- 
tions of high applied load. The feasibility 
for using Raman methods to characterize fric- 
tion and wear on a molecular level in ceramic 
materials has been demonstrated and shown to 
provide fundamental information for modeling 
the wear process. 
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CRYSTAL STRUCTURE 
OF HEXAGONAL BN BORON NITRIDE 


1325 1350 1375 1400 
WAVENUMBERS 


FIG, 2.--Raman spectra from the wear track 
formed by contact between steel bearing and 


& rapidly spinning BN disk as function of ap- 
ae plied load to bearing; numbers refer to hun- 
O-n dreds of grams of applied load. 


FIG, 1.--Layered graphite-like atomic arrange- 
ment in BN. 
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FIG. 3.--Raman spectrum of spinning SiC disk °*-™ } 
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FIG. 4.-~Raman spectrum of the wear track in 
spinning SiC disk induced by SiC wear tip un- 
der conditions of high applied load. Wavenumbers 
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LASER RAMAN MICROPROBE ANALYSIS OF SELECTIVE OXIDATION CATALYSTS 


G. L. Schrader 


NiMO, and CoMoOy, catalysts containing “excess 
MoO3"' are active for the selective oxidation 
of Cy hydrocarbons to maleic anhydride. Cata- 
lysts which contain "excess MoQ3" are not sim- 
ple, one-phase oxides; rather, multiphase be- 
havior--as well as other structural and compo- 
sitional variations--are possible. In this 
research, extensive characterization of these 
selective catalysts was performed by use of 
complementary techniques. However, the cru- 
cial compositional and structural identifica- 
tion of the active phase was achieved only 
with the use of laser Raman microprobe spec- 
troscopy. 

Molybdate compounds have been widely stud~ 
ied in previous research because of their cat- 
alytic activity for selective oxidation such 
as ammoxidation and the oxidative dehydrogena- 
tion of olefins. An extensive body of litera- 
ture? has reported the characterization and 
catalytic evaluation of bismuth mulybdates, 
which are a crucial component of catalysts 
used industrially to produce acrylonitrile via 
the ammoxidation of propylene. Hartig**? pre- 
pared nickel and cobalt molybdate catalysts 
with "excess MoO3'' and demonstrated their ac- 
tivity for Cy, to Cio hydrocarbon conversion to 
maleic anhydride. Grzybowska et al." demon- 
strated that the activity of cobalt molybdates 
for propylene selective oxidation to acrylic 
acid depended on the amount of ''excess MoO," 
present. 


Experimental 


Catalysts were prepared by three methods: 
precipitation, solid state reaction, and im- 
pregnation. Catalytic activity and selectivi- 
ty measurements were performed by use of a 
continuous-flow fixed-bed reactor system oper- 
ated in an integral mode, ° 

Figure 1 shows the activity and selectivity 
of 1-butene conversion to maleic anhydride. 
Pure NiMoO, and MoQ3 are seen to be completely 
nonselective for the desired product maleic 
anhydride. However, catalysts prepared by 
precipitation involving a stoichiometric ex- 
cess of molybdenum are more active and yield 
high amounts of maleic anhydride. Similar be- 
havior is observed for catalysts prepared by 
solid-state reaction or impregnation and for 
CoMoO04 catalysts. Table 1 indicates the stoi- 
chiometry of the NiMoO, catalysts (which could 
be controlled by the solution pH) as deter- 
mined by x-ray fluorescence (and also the sur- 
face areas as determined by BET N, adsorp- 
tion). 
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X-ray powder diffraction was used to inves- 
tigate the possible occurrence of new phases. 
Figure 2 compares the x-ray diffraction pat- 
terns for pure MoQ3, a precipitated catalyst 
prepared at pH 5 (15% "excess MoO3"), a cata- 
lyst prepared by calcining MoO3 and NiMoO, at 
500 C (15% "excess MoO3"), and a precipitated 
catalyst prepared at pH 6 (pure NiMoO,). The 
catalysts with 15% "excess Mo0,", have diffrac- 
tion patterns only indicative of NiMoO, or 
MoO3: no new compound was observed to be 
formed. Similar data obtained with a Guinier 
camera revealed d-spacings due only to NiMoOy 
or MoQ3. There was no indication of the for- 
mation of solid solutions. 

Conventional laser Raman spectroscopy tech- 
niques were also used to examine these cata- 
lysts largely because of the high scattering 
capabilities of most molybdates. Figure 3 
provides the Raman spectra of precipitated 
NiMcOQ, samples prepared at pH 3, 4, 5, and 6. 
The spectrum of the sample prepared at pH 6 
corresponds to pure NiMoQ,. As indicated, 
there are no bands due to any phases other 
than NiMoO, or MoO3. Observation of the low 
wavenumber (<200cmn7*) region revealed no 
structural modifications of these phases. The 
Raman characterization is crucial for these 
catalysts since the technique can also detect 
amorphous molybdate phases. The sensitivity 
for nickel oxide phases is not as high, but 
x-ray photoelectron spectroscopy was used for 
these experiments. No new phases were ob- 
served. 

The results of the experimental work indi- 
cated that only NiMoO, and MoO3 were present 
in the active catalyst but that the pure pha- 
ses were completely nonselective catalysts. 

In order to rule out the possibility that the 
mere coexistence of these phases in the reac- 
tor was sufficient for high maleic anhydride 
selectivity, particles of NiMoO, and MoO3 sep- 
arated by SiC particles were packed into the 
reactor. With 15% “excess MoO3'' in the reac- 
tor, no conversion of l-butene to maleic an- 
hydride was observed. 

Laser Raman microprobe spectroscopy provid- 
ed the key structure characterization of the 
active phase of these catalysts. It was pos- 
sible to focus the laser beam on individual 
catalyst particles or on specific regions of 
catalyst particles. Hexagonal or needle-like 
particles were observed that resembled small 
crystals of MoO3--the "excess MoQ3.' The high- 
surface area, sponge-like particles were iden- 
tified as NiMoO,. The composition of these 
particles could be analyzed by the Raman micro- 
probe (Fig. 4). When the laser was focused on 
the sponge-like particles, only the spectrum 
of NiMoO, was obtained. Essentially this 
phase is nonselective for making maleic anhy- 
dride. However, when the laser was focused on 
the MoO; particles, the spectrum revealed the 
presence of both MoO; and NiMoO,. Sampling of 
a large number of particles demonstrated that 
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FIG, 1.--Selective oxidation of 1-butene by 

NiMoO, catalysts related to "texcess MoQ3'' con- 
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FIG. 2.--X~ray powder diffraction patterns for 
(a) pure MoO3, (b) NiMoOQ, with excess Mo03 
(precipitation or solid state), (c) pure 
NiMoO, . 
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TABLE 1.--Stoichiometry and surface areas of 
precipitated NiMoQ, catalysts. 


: pH during pH during Surface area 
: precipitation aging Mo/Ni (m*/g) 
; 6 6 1.00 37 
5 5.5 1.15 33 
4 5.5 1.40 26 
3 5.5 1.55 20 
MoO: 3 
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FIG. 3.--Laser Raman spectra of precipitated 
NiMoO , samples: (a) pH 3, (b) pH 4, (c) pH 5, 
(d) pH 6. Asterisk identifies MoO3 peaks. 
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this unqiue structure occurred extensively. 
Studies with CoMo04 also revealed that the 
MoO3 surfaces were "decorated" with the simple 
molybdate phase. It was also possible to dem- 
onstrate by the microprobe technique that al- 
ternate structures--such as a 'mono-layer" 
coverage of polymolybdates on NiMoO, or an as- 
sociation of MoQ3 crystallites on the NiMoO, 
surfaces--did not exist. The high selectivity 
of these catalysts for maleic anhydride could 
be correlated with the existence of MoO3 par- 
ticles with a surface coverage of NiMo0,--the 
active phase. 


Conelustons 


Industrial selective oxidation catalysts 
typically consist of a complex mixture of met- 
al oxides. The nature of the interactions be- 
tween the phases that can possibly occur has 


not been widely discussed. Extensive charac- 
terization of the catalyst composition and 
structure is essential. With laser Raman mi- 
croprobe spectroscopy, it was possible to 
identify the active phase of catalysts con- 
taining '"'excess MoO 3." 
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FIG. 4.--Raman microprobe spectra of impregnated NiMoO, catalyst. 
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RAMAN MICROSCOPY MAPPING OF HIGH-TEMPERATURE AIR CORROSION 
PRODUCTS ON IRON CHROMIUM ALLOY 


D. J. Gardiner, C. J. Littleton, and Michael Bowden 


Raman microscopy has been shown to provide 
useful information in the identification of 
corrosion products at localized points on met- 
al surfaces.'»? The complex nature and dis- 
tribution of oxides formed during high-temper- 
ature corrosion calls for an analytical tech- 
nique capable of systematic mapping of chemi- 
cal species at a microscopic level. In this 
preliminary paper we report results for one- 
dimensional (linescan) mapping of the corro- 
Sion products formed at high temperatures on 
iron chromium steel. We have adopted an ap- 
proach in which the Raman microscope single- 
point-analysis configuration is used while the 
sample stage is moved stepwise, and total or 
partial spectra are accumulated and stored for 
subsequent analysis. 


Expertmental 


Coupons of Fe-14%Cr alloy about 10 x 10 mm 
thick were annealed at 1000 C for 4 h and 
cooled under vacuum. The samples were then 
mechanically cleaned, washed in acetone, 
dried, and corroded in air. A BGSC RMIII Ra- 
man microscope was employed in conjunction 
with a Spex Model 1403 0.85m double monochrom- 
ator and a Spex Datamate computer and disk 
drive. This system is fully described else- 
where.’ The microscope was fitted with a mi- 
crocomputer-controlled stepper motor-driven 
stage. When the mapping procedure is initi- 
ated, a spectrum from the first location is 
recorded and stored onto disk. The Datamate 
then transmits an instruction to the microcom- 
puter, via an RS232 interface, to move to the 
next sample point. This procedure continues 
until the complete sets of spectroscopic data 
from the number of sample points selected have 
been stored. A 40x microscope objective was 
used, giving a spot size of around 2 um. 


Results and Discusston 


The results reported here were obtained 
from the alloy after oxidation at 800 C for 
143 h. The surface consisted of a major uni- 
form scale having a granular appearance and a 
number of regions of thicker scale resulting 
in raised areas up to 200 um across and 2-4 
ym above the surrounding surface. The 514.5nm 
line from a Spectra Physics Model 162A-07 air- 
cooled argon ion laser was used to excite the 
spectra, with a laser power at the sample of 
2 mW. As the system will run unattended, we 
were able to use long integration times with a 
spectral band pass of 6 cm-* to record com- 
plete sets of data overnight. 

Figure 1 shows the series of spectra re- 
corded at 10 um intervals across such a fea- 
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ture. Four bands can be seen; those at 548 
and 612 cm™’ have been assigned to Cr,0,; the 
band at 645 cm-* has been assigned to Fe30y; 
and that at 682 cm7! to FeCr20,, a mixed 
spinel .? 

A two-dimensional map of the species present 
on the surface of a different area of the same 
sample was also produced. For this experiment 
a Spectra Physics Model 164-07 Ar+ laser was 
used giving ~55 mW at the sample, which al- 
lowed a shorter integration time of 6 s to be 
used: The spectrometer was programmed to mea- 
sure Raman intensity for the bands due to 
Cr20,, Fe30,, and FeCr20, along with the base- 
line on either side of each band. The base- 
line was subtracted from each band maximum and 
a linescan of intensity against distance was 
plotted. The spatial separation of the analy- 
sis points on the surface was 2.4 um and 50 
such points were analyzed on each line scan. 
In all, 350 positions were analyzed on the 
surface over 8 h. Successive line scans were 
carried out 10 um apart to build up two-dimen- 
sional Raman maps of the species present on the 
surface. Two typical sets of linescans across 
one of the raised areas on the corrosion scale 
are shown in Fig. 2. The absence of Cr203 in 
the raised portion is clear, as are the varia- 
tions in Crz03 concentration in the major 
scale. lLinescans for Fe30, and FeCr20, result- 
ed in essentially constant-intensity plots, 
which indicates the even distribution of these 
species across the whole surface. 


Conelustons 


The results reported here suggest that un- 
der the corrosion conditions used, the develop- 
ment of Fe30, and FeCr20, is fairly uniform 
across the surface of the alloy. The absence 
of Cr203 in the raised regions is interesting 
and suggests that in these areas the lack of 
the retarding effect of Cry0, on the diffusion 
of reacting species has allowed a greater 
build-up of corrosion scale comprising Fe30, 
and FeCr,0,. 

The mapping approach has been shown to be 
capable of generating spatial distributions of 
Raman data from weakly scattering species. 

The approach is readily adaptable either to 

the accumulation of complete Raman spectra or 
to the plotting of the intensity distribution 
of one or more selected bands. The apparatus 
described here was constructed as a stage in 
the development of a more powerful facility, 

in which scanning will be automated in two per- 
pendicular directions and multichannel detec- 
tion will be used to increase the rate at 

which data can be obtained. 
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FIG. 2.--Two sets of typical linescans (at 0 
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MICRO-RAMAN SPECTROSCOPIC STUDIES OF MATERIALS AT AMBIENT 
AND HIGH PRESSURES WITH CW AND PULSED LASERS 


Shiv K. Sharma and J. P. Urmos 


Micro~Raman spectrophotometry is a recently 
developed technique ~® that can give molecu- 
lar information on a microscopic scale. The 
micro-Raman technique most commonly utilizes 
a continuous-wave (CW) laser as the excita- 
tion source and a microscope objective lens 
for focusing the laser beam and for collect- 
ing scattered light in a 180° scattering 
geometry, useful for the microscopic examina- 
tion of specimens that are small, inhomogen~ 
eous, or colored. However, this geometry is 
difficult to use with pulsed lasers because 
of the possibility of sample damage by the 
tightly focused laser beam. We report here 
a Raman microscope system used to measure 
spectra in both the 180° and 135° scattering 
geometries with a single-channel Raman spec- 
trograph. The 135° scattering geometry is 
very useful for measuring Raman spectra of 
selected microvolumes of crystals with CW and 
pulsed lasers. The micro-Raman system has 
also been used with a multichannel spectro- 
graph in the 180° scattering geometry for 
measuring Raman spectra of microscopic sam- 
ples of transparent or highly colored sili- 
cate glasses, and first-order Raman spectra 
of diamond particles and bulk diamond anvils. 


Experimental 


The micro-Raman apparatus (Fig. 1), a mod- 
ified Leitz Ortholux I microscope, was opti- 
cally coupled either with a Spex double mono- 
chromator and a single-channel photomultipli- 
er detector or with a Spex Triplemate triple 
spectrograph and an optical multichannel de- 
tector (OMA III, EG&G Princeton Applied Re- 
search) for use in either the 180° or 135° 
scattering geometry. The microscope was mod- 
ified to allow a sufficient working distance 
between the microscope objective and the mi- 
croscope stage for a 8.25cm-high diamond-an- 
vil cell as designed by Mao and Bell.® A 
long-working-distance 20x objective A focused 
the 488nm Ar* laser beam and also served to 
collect the scattered Raman signal in the 180° 
scattering geometry. In the 135° scattering 
geometry, the laser beam was focused by a 
long-focal-length 20x objective B, not shown 
in Fig. 1, mounted at 45° to the optic axis 
of the microscope. The objectives A and B 
were mounted so that their foci coincided at 
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a point along the optic axis of the micro- 
scope.” This configuration permitted the col- 
lection of scattered radiation from a select- 
ed sample volume. Radiation collected by the 
microscope objective was focused on an ad- 
justable aperture (~200 x 200 um), then re- 
flected by a 90° prism through an achromatic 
doublet, and focused onto the entrance slit 
of the spectrograph (Fig. 1). 

When using the 532nm exciting line of a 
frequency-doubled Nd:YAG pulsed laser, we fo- 
cused the laser beam on the sample in the 
135° scattering geometry by a combination of 
biconcave and biconvex lenses (bottom of Fig. 
1). The irradiating laser intensity can be 
regulated at the sample by adjustment of 
the focal length of the biconcave lens and 
its distance from the biconvex lens.?° The 
scattered radiation in the 135° scattering 
geometry was collected, as before, by a long- 
working-distance 20x objective A. This ar- 
rangement permitted the collection of Raman 
spectra from microvolumes of mineral samples 
without the laser damage to the sample that 
would result if the focusing system for the 
Art laser were used with the pulsed laser 
source. 

The diamond anvil cell used for high-pres- 
sure work has additional ports so that the 
laser beam can be focused on the sample in 
both the 180° and 135° scattering geome- 
tries.®° In these experiments the sample cham- 
ber was a small cylindrical hole (diameter 
0.2 mm and depth 0.1 mm) drilled in a work- 
hardened stainless-steel gasket. Small ruby 
crystals (%10 um) were placed in the gasket 
hole. Solid n-H, or a 4:1] methanol-ethanol 
mixture was used as the pressure transmitting 
medium in the gasket hole. The pressure 
shift was determined by measuring the red- 
shift in wavelength of the R, fluorescence 
line of the ruby crystals.*? 


Results and Discusston 


The first-order micro-Raman spectra of dia- 
mond particles of various sizes and of a bulk 
diamond anvil are shown in Fig. 2. These 
spectra were recorded with a CW laser (10 mw, 
488.0 nm Ar*) in the 180° scattering geometry 
and with the multichannel spectrograph. It is 
evident from Fig. 2 that a decrease in particle 
size is correlated with a small decrease (12 
cm-? for lum particles) in the frequency of 
the first-order diamond Raman line at 1333 
em7+ and an increase in the halfwidth (6.6 
cm”=* for lum particles). The halfwidth of 
the first-order diamond line of bulk diamond 
at room temperature and ambient pressure is 
2.8 cm™+. The width of the 1333cm™* line of 
the diamond anvil in Fig. 2 is larger (4.0 
cm7?) than the natural halfwidth of the line 
because the spectral resolution is limited by 
the pixel width of the optical multichannel 
analyzer. The halfwidths of the first-order 
line of 10um and 5yum diamond particles are 5.6 
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and 5.8 cm™?, respectively, a difference too 


small for the spectral resolution of the multi- 
channel spectrograph used in the present work. 
In the spectrum of lum diamond particles, the 
first-order diamond line remains distinct and 
can be therefore used for analyzing small dia~- 
mond crystals that may be formed on laser- 
heating of graphite at high pressures in a 
diamond anvil cell. 

The effect of pressure on the Raman spectra 
of the diamond anvil (diameter of pressure 
face 0.4 mm, height 2.41 mm) measured in the 
135° and 180° scattering geometries with a 
single-channel system is shown in Fig. 3. The 
488.0nm Ar* laser beam was focused onto the 
center of the gasket hole and spectra were 
measured at sample pressures of 106 and 114 
kbar for the 135° to 180° scattering geome- 
tries, respectively. The strong diamond line 
at 1358 cm™* in the 135° scattering geometry 
spectrum (Fig. 3a) is at a higher frequency 
than the diamond line (1333 cm™+) observed at 
ambient pressure (Fig. 2). When the pressure 
is increased to 114 kbar, the 1358 cm? line 
shifts to 1360 cm7? (Fig. 3b). The spectral 
lines at 1358 cm™* and 1360 cm™* originate 
from the high-pressure region of the diamond 
anvil in contact with the solid n-H, sample. 
The weak shoulders at lower frequency in Fig. 
3 originate from scattering of the defocused 
laser beam from regions within the diamond 
anvil that are at lower pressures than the an- 
vil face. The microvolumes sampledinthis ex- 
ample are estimated to be %]0 um in diameter 
and 50 um deep. In the spectrum recorded with 
the 180° scattering geometry (Fig. 3b), the 
intensity of the low-frequency shoulder is 
much higher than that of the corresponding 
shoulder in the spectrum recorded with the 
135° scattering geometry (Fig. 3a). Therefore, 
it appears that the 135° scattering geometry 
is more suitable for measuring localized 
stress in the diamond anvil near the sample- 
diamond interface. Sharma et al.” have shown 
that micro-Raman spectrometry can be used for 
measuring stress distribution in diamond an- 
vils, and that the diamond line frequency var- 
ies linearly with pressure by 0.237 cm “1 /kbar. 

Raman spectra of microsamples of forsterite 
(Mg2Si0,)} and fayalite (Fe2Si0,) crystals and 
glasses were recorded in the 180° scattering 
geometry with a CW Art laser (488 nm) and a 
multichannel spectrograph (Fig. 4). These 
spectra were recorded in less than 6 min (a ls 
integration time and a maximum of 350 scans). 
Measurements of Raman spectra for fayalite 
glass with the single-channel spectrograph 
are very cumbersome, since it would take near- 
ly 60 h to record a spectrum similar in quali~ 
ty to that obtained from the multichannel sys- 
tem. An additional difficulty with fayalite 
glasses is that they are highly light absorb- 
ing and tend to crystallize during long-time 
exposure to laser radiation. Forsterite 
glass, on the other hand, is transparent and 
its Raman spectrum can be measured with a sin- 
gle-channel micro-Raman spectrograph, * 12. al~ 
though it would take from 6 to 12 h to collect 
a high-quality Raman spectrum. The Raman 
spectrum of Fe2Si0,4 has not been reported in 
the literature so far. Our results show that 
the Raman bands for forsterite giass are rela- 


134 


tively broad and that the strong band at 865 
cm} corresponds to the _Vs (Si0™ }) symmetrical 
stretching mode of Si0#” ions in crystalline 
forsterite. The close correlation between the 
spectra of glassy and crystalline forsterite 
implies a similarity between the structures of 
forsterite glass and crystal as both contain 
isolated Si0#” tetrahedra and Mg* cations in 
octahedral coordination. 

The Raman spectrum of fayalite glass does 
not show any resemblance to the Raman spectrum 
of crystalline fayalite (Fig. 4). In the Ra- 
man spectrum of fayalite glass the band corre- 
sponding to the vg(Si-0 ) stretch appears at 
a higher frequency (965 cm™ 1) than the corre- 
sponding band at 815 cm? in the spectrum of 
fayalite crystal. In addition, the glass 
spectrum shows a strong and broad band at 495 
+ 10 cm7?; no such band is observed in the 
spectrum of fayalite crystal although there 
are a number of weak bands at 364, 507, 523, 
and 623 cm™* and Daud of medium intensity at 
234, 341, and 123 cm™ 1 (Fig. 4). These differ- 
ences in the Raman spectra of glassy and crys- 
talline fayalite indicate that fayalite glass 
is structurally different from fayalite Crys~ 
tal. It is known that polymerization of Si0g” 
tetrahedra causes a shifting of the v,(Si-0 ) 
band toward higher frequency.+*’?* Therefore, 
it appears that SiO?” tetrahedra are more 
highly polymerized in the fayalite glass. It 
is also possible that Fe2* might be present in 
four-fold coordination in the glass in con- 
trast to the six-fold coordination of the Fe?* 
ion in crystalline fayalite. Additional work 
is needed to clarify these structural differ- 
ences between glassy and crystalline fayalite. 

With the 532nm line of a frequency doubled 
Nd:YAG pulsed laser we have successfully mea- 
sured the Raman spectrum of crystalline for- 
sterite with the micro-Raman single-channel 
spectrometer in the 135° scattering geometry. 
The Raman spectrum of crystalline forsterite 
recorded with the pulsed laser is identical to 
the forsterite spectrum recorded with a CW Art 
laser (Fig. 4). 

The results of this preliminary investiga- 
tion have demonstrated the feasibility of ob- 
taining Raman spectra of microsamples with CW 
and pulsed lasers at ambient and high pres- 
sures in the 135° scattering geometry. The 
multichannel micro-~Raman spectrograph is found 
most suitable for measuring Raman spectra of 
microsamples of weak Raman scatterers such as 
Fe2Si0, and Mg25i0, glasses. Work is in prog- 
ress to measure the micro-Raman spectra of 
small mineral samples at high temperatures 
with the pulsed laser so that interference 
from the blackbody radiation in the Raman 
spectrum will be minimized. The feasibility 
of measuring the Raman spectra of materials 
under high pressure and temperature in the 
diamond cell is being explored. 
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FIG, 2.--First-order micro-Raman spectra of 
diamond particles and bulk diamond anvil re- 
corded with multichannel micro-Raman spectro- 
graph in 180° scattering geometry. 
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MICRO-RAMAN SPECTROSCOPY WITH LASER LIGHT TRAPS 


W. Kiefer 


We report on Raman microprobe techniques where 
micron~sized solid particles or liquid drop- 
lets are trapped in focused laser beams. One 
such laser light trap is achieved by a verti- 
cally directed focused TEMyj9-mode cw gas laser 
of ~500 mW. As shown by Ashkin, if a particle 
is hit by the laser beam, it is simultaneously 
drawn in to the beam axis and accelerated in 
the direction of the light until the force of 
radiation pressure is balanced by the gravita~ 
tional force.’ We have recently applied this 
technique in order to trap micron-sized parti- 
cles to serve as microsamples for Raman spec- 
troscopy.” 

A true "optical bottle" based on radiation 
pressure alone can be obtained*’* by two op- 
posing equal TEMoo Gaussian beams with beam 
waists that are located close together but do 
not actually coincide spatially. As suggested 
by us,? this light trap allows the observation 
of inelastically scattered light from very 
small particles. 

Very recently, Ashkin et al. have shown 
that optical trapping of dielectric particles 
can be achieved by a single-beam gradient 
force trap.*> The latter confirms the concept 
of negative light pressure due to the gradient 
force. They observed trapping over the entire 
range of particle size from 10 um to 25 nm in 
water. Use of this new laser light trap ex- 
tends the size range of macroscopic particles 
accessible to optical trapping well into the 
Rayleigh size regime. We have been able to 
trap stably glass spheres in the size range 
from V10 to “1 pm.* However, nonspherical mi- 
croparticles can be also trapped by this meth- 
od; as an example, we were successful in trap- 
ping single #. coli bacteria.* 

Recently, there has been a good deal of in- 
terest in investigations of the light-scatter- 
ing properties of dielectric spheres. Studies 
of the wavelength-dependent features of this 
type of scattering are of particular interest 
because of the sharp structural resonances 
that occur as the Mie size parameter x = 21a/A 
(a = radius of sphere, A = wavelength in the 
surrounding medium) is varied. These struc- 
tural resonances have been predicted for inci- 
dent and/or inelastically scattered spheres. 
The first observation of morphology-dependent 
resonances in Raman scattering from dielectric 
microparticles has been published by Owen et 
al.° The abovementioned trapping techniques 
are ideal for such studies. We have reported 
on the observation of such structural reso- 
nances in the Raman spectra of single micro- 
spheres of glass® and liquid droplets’ apply- 
ing the technique of optical levitation by ra- 
diation pressure. The observed structural 
resonances in the Raman spectra of dielectric 
spheres could be assigned by use of the well- 
known Lorenz-Mie formalism,®?? and a good cor- 
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relation is found between these experimental 
and theoretically predicted Raman-Mie spectra. 
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ABSORPTION AND SCATTERING BY HETEROGENEOUS PARTICLES 


Milton Kerker and Ramesh Bhandari 


Many particles of great interest contain par- 
ticulate inclusions, which leads to the ques- 
tion of how to estimate the absorption and 
scattering by such complex bodies. We are de- 
veloping a new model in which a Monte Carlo 
algorithm is used for calculating the absorp- 
tion and scattering of electromagnetic radia- 
tion by a particle containing inclusions that 
in turn absorb and scatter light. 

The host particle is taken to be a sphere 
containing smaller spherical inclusions. The 
host sphere must be large enough so that in 
the absence of the inclusions an accurate de- 
scription of the scattering and absorption 
can be obtained by use of (1) ray optics to 
account for reflections and refractions at the 
boundary, together with transmissivity within 
the homogeneous sphere; and (2) Fraunhofer 
diffraction around the outside of the sphere. 
The spherical inclusions are large enough to 
require application of the full Lorenz-Mie 
formalism, but not so large that the ray- 
optics-diffraction approach can be applied to 
the host particle. Thése inclusions may be 
located at specific preselected sites, or they 
may be distributed randomly with the host 
particle. The condition that the host parti- 
cle and the inclusions be spheres may be re- 
laxed at a later stage of the study. 

A Monte Carlo algorithm is constructed in 
which the trajectory of a photon is followed 
from the source beam to termination at detec- 
tors located at observation points outside 
the host particle or at a particular inclusion 
within the host particle where the photon may 
be absorbed. The scheme is outlined in Fig. 1, 
with the incident ray S along which the photon 
travels selected randomly. On impact at the 
boundary B a decision is made probabilisti- 
cally (based upon Fresnel's equations) whether 
the photon is reflected (R,) or refracted 
(Rr). If the photon is refracted, it proceeds 
to an appropriate detector D; otherwise, it 
follows the path of the refracted ray deter- 
ministically until it encounters an inclusion 
particle P or the boundary B. In Fig. l a 
deterministic trajectory is indicated by a 
full line, a probabilistic by a dashed line. 

If the encounter is with an inclusion par- 
ticle, a probabilistic decision based on the 
Lorenz-Mie equations is made to determine 
whether the photon is absorbed (A) or scat- 
tered into a particular direction [S(6,4)]. 
Absorption terminates this photon (T). Scat- 
tering leads the particle along a determinis- 
tic path either to another inclusion particle 
or to the boundary where either of the respec- 
tive probabilistic events recurs. 

If the first encounter of the photon within 
the host particle is with the boundary, a 
probabilistic decision is made based on Fres- 


nel's equations and leads the photon either to 
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a detector, or upon reflection along a deter- 
ministic ray, which then encounters either an 
inclusion particle or the boundary. 

The process continues until the photon is 
absorbed or detected, If the host particle is 
lossy, the photon is attenuated accordingly 
along its trajectory. The Lorenz-Mie equa- 
tions are used as if the inclusion particle 
were irradiated by a plane wave. One can in- 
clude a factor to account for the divergence 
of the multiply scattered radiation, but this 
factor would be incorporated only at a later 
stage of the study. Consideration of polari- 
zation on scattering is also deferred, since 
that will add considerably to the complexity 
of the program and the length of the calcula- 
tion. 

The accumulation at the detectors when 
added to the Fraunhofer diffraction wili pro- 
vide the differential scattering cross sec- 
tion. Integration over all directions gives 
the total scattering cross section. The total 
accumulation of photons absorbed at the inclu- 
sion particles provides the absorption cross 
section which when added to the total scatter- 
ing cross section is the extinction cross 
section. 

Some preliminary results have been obtained 
that suggest the efficacy of this theoretical 
model. 
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FIG. 1.--Course of photon through heterogen- 
eous particle. Dashed lines represent proba- 
bilistic decisions; full line, deterministic 
decisions. A, absorption; B, boundary; D, de- 
tector; P, particle; R,, reflection; Ry, re- 
fraction; S, select incident ray; S(8,6), 
scattering; T, termination by absorption. 
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POLARIZATION MEASUREMENTS IN RAMAN MICROSPECTROSCOPY 


Paul Dhamelincourt, Claude Brémard, Jacky Laureyns, J. C. Merlin, and George Turrell 


Raman scattering in gases and liquids, as ex- 
cited and observed with the use of linearly 
polarized light, is often employed to distin- 
guish molecular vibrational modes according to 
their symmetry. Furthermore, such measure- 
ments are useful in the determination of crys- 
tal orientation, as well as molecular orienta- 
tion in liquid crystals, model membranes, thin 
films, polymer fibers, etc. 

In Raman microspectroscopy the sample is 
excited by a laser beam which is focused by a 
microscope objective. In addition, a beam- 
splitter is usually used to separate the scat- 
tered light from the excitation. As these two 
optical elements perturb polarization measure- 
ments, their effects must be evaluated if 
quantitative results are to be obtained.? 

An additional problem arises from the high 
light intensity produced in the focal region, 
which often results in destruction of the sam- 
ple. This difficulty has recently been at 
least partially alleviated with the develop- 
ment of multichannel detection systems,? which 
permit weaker excitation to be used. 

The effects of the beamsplitter can be cor- 
rected by application of the method reported 
previously,” and the depolarization introduced 
by the microscope objective has been calcu- 
lated in preliminary publications.?’*? How- 
ever, the influence of the index of refraction 
of the sample has not been considered. This 
aspect of the problem for the case of isotro- 
pic samples is summarized in the present com- 
munication. 

The scattering intensity has been evaluated 
for the case of a linearly polarized source 
focused by a large numerical aperture objec- 
tive and collected by the same objective. If 
the axis of the cone of light excitation and 
collection is collinear with the Z axis and 
the polarization of the excitation is in the X 
direction, the intensity of the Raman-scat- 
tered light is given by? 


T= (Ayy7A = Syy7A + Oyy?B)(2Co + Ca) 
+ (Sy, 7A + dyy 7A + y7*B)C> 
+ (%7y7A + Ooy7A + 777B)4Cy (1) 


The coefficients Co, Cy, and Cy associated with 
the excitation are defined by 


Cs = 20 I f 


j i [1 (u,v,n) |? v dv du j = 0,1,2 


(2) 
where the integrals Ij (u,v,n) are functions 
of the half-angle of acceptance of the objec- 
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tive, the radial distribution intensity of the 
excitation, and the index of refraction of the 
(isotropic) sample. The integrals appearing 
in Eq. (2) are over the optical coordinates, 
which are defined by u = kZ sin? 6, and 
v = kvX? + Y? sin 6, with k = 21/A the wave 
number. 

The following expressions are derived in 
Ref. 4. 


8m 
m 1 
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, : . 
.cos 6 5, [* 2 iu cos 6/sin“98 


sin On 


where 6 is the angle of incidence of a given 
ray of the light excitation and D(6) = 

N csc §*exp(-sin?6/sin?6,,) represents a Gaus- 
sian radial distribution in the laser beam and 
N is a normalization constant. 

The index of refraction of the sample is n, 
and m=¥n? -sin?6. The coefficients Co, Ci, 
and C, were evaluated as functions of n in 
Ref. 4. The parameters A and B, which are as- 
sociated with the Raman scattered light, are 
functions of the numerical aperture of the ob- 
jective. They are given by? 


t 
on 
A=1?f (cos?@ + 1l)sin 6 do 
y ; 
= 12 E - cos On" - 3 cos én’ | (6) 
On! 
Be f sin*6 de 
0 
= { - cos @,' + 3 c0s%6,'| (7) 


where 6, = sin7*[(l/n)sin 0] is the effective 
angular semi-aperture within the sample. 

For randomly oriented molecules, the scat- 
tering intensities I; and ly have been evalu- 
ated from Eq. (1) as functions of the invari- 


cos 6 +m 


™ cosl/29 go (3) 


Mm cos!’29 de (4) 


™ cos!’ 29 ge (5) 


ants 5°, £* and x? of the polarizability ten- 
sor.° The depolarization ratio then follows 
from Pegi = I4/1q. 

Polarized Raman and resonance-Raman spectra 
of a variety of isotropic samples (including 
carbon tetrachloride, $-carotene, and ferrocy- 
tochrome c) have been recorded with various 
numerical-aperture objectives. The experimen- 
tal depolarization ratio Pexp Of some Raman 
bands are compared with the calculated values 
in Table 1. The calculated values are within 
the experimental error range, in good agree- 
ment with the experimental values. 

For anisotropic samples such as crystals of 
the cubic system, e.g., diamond,® the calcu-? 
lated values obtained from the theoretical ex~ 
pressions based on Eq. (1) are in accordance 
with the integrated intensities measured from 
the polarized Raman spectra, providing that 
the axis of the illumination cone is perpen- 
dicular to the surface of the sample. The re- 
sults are then independent of the depth of fo- 
cus. In the case of uniaxial crystalline sam- 
ples such as a-quartz a significant depolari- 
zation is observed, which arises from bire- 
fringence,®*’ when the excitation cone is col- 
linear with the (unique) optical axis. This 
observation is confirmed by a noted increase 
in the depolarization leakage with increasing 
optical path in the sample. ~ When the direc- 
tion of the electric vector of the excitation 
is parallel to the nodal lines of the crystal, 
the depolarization leakage is negligible, 
again assuming that the axis of illumination 
is perpendicular to the surface of the crys- 
tal. 
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TABLE 1.--Experimental and calculated depolar- 
ization ratios of Raman bands of typical sam- 
ples. ; 


cCcl B -carotene ferrocytochrome c 


VglF2)314em"! v4 (AQ),1525 cm"! (Azg) 1585 cm“! 

Sh Acal Pexp Pcal Pexp Pcal Pexp 
71.3° 0.770 0.77 0.35 0.36 
648° 0.767 0.77 0.34 0.34 
58.29 0.765 0.76 0.33 0.32 

391° 0.758 0.76 0.33 0.32 22 25 
20,5° 0.753 0.75 0.33 0.34 58 > 30 
10.4° 0.750 0.75 0,33 0.32 227 > 40 

3.2° 0.750 0.75 0.33 0.33 + 848 > 50 
=0¢ 0.750 0.75 0.33 0.33 ad > 100 
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THE SIGNAL-TO-NOISE ADVANTAGES OF MULTICHANNEL DETECTORS ON RAMAN MICROPROBES 


Fran Adar, Jeremy Lerner, and Yair Talimi 


The multiplex advantage on two Raman micro- 
probes has been demonstrated. It is shown 
that the size of the image of the source on 
the entrance slit, the size of the image of 
the entrance slit on the exit plane, and the 
size of the elements of the multichannel de- 
tector play a role in determining conditions 
that demonstrate the signal-to-noise improve- 
ment with multichannel detectors. 

Since the development of high-sensitivity 
imaging detectors, their application as multi- 
channel detectors on spectographs has been im- 
plemented.+~® Fellget was the first to recog- 
nize that one could acquire a spectrum by si- 
multaneous detection of "all" bands in a spec- 
trum much more rapidly than by scanning a 
monochromator with a photomultiplier tube 
(PMT) mounted behind the exit slit.? However, 
the experimental measurement of the multiplex 
advantage is somewhat elusive. 

In order to characterize the multiplex ad- 
vantage, one must examine a sample in one sys- 
tem equipped with both monochannel {PMT behind 
exit slit) and multichannel (diode array) de- 
tectors. There is then no question whether 
the optical throughput is the same for both 
measurements. However, other considerations 
affect the measured counting rates that cannot 
be ignored: the size of the individual ele- 
ments of a multichannel detector, digitization 
of the analog signals, differences in interac- 
tions between the spectrometer and the detec- 
tors, and the line widths of the bands being 
measured.*°?° If some or all of these con- 
siderations are ignored in casual measure- 
ments, a comparison of multichannel with mono- 
channel systems may produce puzzling results. 


Instrumentatton 


The monochannel/multichannel comparisons 
that we present were recorded on two different 
types of optical microprobes. The microscopes 
and detectors are identical on the two sys- 
tems, but in one case the spectrometer was a 
high-resolution double one-meter system (In- 
struments SA, Inc., Mole® U1000); in the sec- 
ond case the spectrometer was a medium-resolu- 
tion 640mm spectrometer coupled to a high-lum- 
inosity double-subtractive filter (Instruments 
SA, Inc. Mole® $3000 Triple Spectrograph). 

The microscopes are from the Olympus BH se- 
ries and were optically and mechanically rig- 
idly coupled to the Raman instruments. The 
laser illumination is provided by a beamsplit- 
ter in the epi-illuminator. The spot size at 
the sample is 1 um; the image of this point 
at the entrance slit is between 75 and 100 um. 

The PMTs (RCA 31034) have GaAs photocath- 
odes that provide high sensitivity out to 
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900 nm, corresponding to the fundamental elec- 
tronic gap of the material; the tubes are 
cooled to -30 C to reduce the thermionic emis- 
sion. 

The multichannel detectors used in this se- 
ries are intensified diode arrays (DA). The 
U1000 is equipped with a 3/4-in. image inten- 
sifier and a 512-element diode array (IRY 512 
from Princeton Instruments, Inc.}. The Mole® 
$3000 is equipped with a l-in. image intensi- 
fier and a 1024-element diode array (Model IRY 
1024). Individual diodes are 25 pm wide and 
2.5 mm high. The image intensifiers are prox- 
imity-focused, which implies that there is no 
distortion of the spectral field between the 
photocathode of the image intensifier and the 
diode array surface. The photocathodes are 
multialkali and have S20 spectral response. 
The quantum yields of the detectors are nomi- 
nally 20% for the PMT and 10% for the DA. The 
sharpest feature observed by the DA will be 
3-4 diodes wide at half maximum. 


Results 


Single-crystal silicon was used for the Ra- 
man microprobe measurements. With the appro- 
priate orientation of the sample relative to 
the microprobe and laser polarization, the Ra- 
man intensity is reproducible to about +10%. 
Cleavages occur along (110) and (110) direc- 
tions. For axes labeled Z = (1001), X = (100), 
Y = (010), X' = (110), and Y' = (110), the 
backscattering Raman tensor has nonvanishing 
components Z(X,Y)Z and Z(X',X')Z in Porto's 
notation.*+ The laser polarization coming 
through the microscope is normally "East/West"! 
(E/W), which connotes the left/right direction 
when the observer faces the microscope. 

Because of significant dichroism of many 
diffraction gratings, it is usually advisable 
to choose conditions that produce Raman radia- 
tion polarized perpendicular to the slits 
(which is also perpendicular to the grating 
grooves) when the excitation wavelength is’ 
514.5 nm, and 1800 g/mm gratings are used. 

The U1000 has horizontal slits, which dictates 
orientation of the crystal with its cleavage 
edges at 45° to the E/W direction in order to 
utilize the Z(X,Y)Z component of the tensor. 
The Mole® $3000 has vertical slits, which re- 
quires cleavage edges parallel to the micro- 
scope raster axes to achieve Z(X',X')Z. 

Mole® U1000. Figure 1 shows the silicon 
phonon, as detected by the U1000 microprobe 
with a 100um entrance slit. When scanned with 
the PMT, the exit slit was also 100 ym. The 
PMT peak signal (%25 000 counts/s) is about 
70% higher than the DA peak signal (15 000 
counts/s). The observed full width at half 
maximum (FWHM) of both spectra is about 5.5 
em”"1, which is significantly larger than the 
0.9cm-* instrumental resolution for this slit 
width and corresponds to 600 um in the focal 
plane which spans about 24 diodes. 
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FIG. 1.--Si phonon detected by U1000 micro- 
probe. Z(X,Y)Z; Si = 100 um, S, = S; = 7 mn, 
Sy = 100 um (PMT only). PMT: spectrum scanned 
with 1 s/0.25cm } per data point. DA (IRY 
Signal): spectrum acquired with one ls read- 
out, background subtracted. Laser: 

A - 514.532nm, 100 mW entering microscope. 
U1000 Microprobe 

100 ee at 514. Srna 


100 x Ob jective 


SILICON 100 um Slit (se) 
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FIG. 3.--Raman signals from (001) Si, Z(X,Y)Z 
observed on the U1000 microprobe. 100 mW at 
914.532 nm entering the microscope. 100x ob- 
jective, 100 um slits(s). Top: The PMT signal 
was scanned with 0.25 cm 4/0.1 s/per data 
point. Middle: DA spectrum acquired with .ls 
integration. Bottom: DA spectrum acquired 
with 50s integration 
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PMT - 105 esc Integration time (0,1 eac/pt) 
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FIG. 2,--Raman signals from (001) Si, Z(X,Y)Z, 
observed on U1000 microprobe with PMT and DA 
(IRY signal) detectors, as function of slit 
width. 100 mW at 514.5 nm was measured enter- 
ing the microscope. 100x objective (n.a. = 
0.95) was used to focus laser and collect 
Raman signal. 
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FIG. 4.~-Raman signals from (001) Si, 
Z(X',X')Z, observed on the $3000 microprobe. 
50 mW at 514.532 nm entering microcsocpe; 100x 
objective; 100 um slit(s). Top: The PMT sig- 
nal was scanned with 0.6 cm7!/0.1 s/per data 
point. Middle: DA spectrum acquired with 0.1s 
integration. Bottom: DA spectrum acquired 
with 100s integration. 
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Figure 2 illustrates the variation in ob- 
served count rates on the DA and PMT as the 
slit width is changed. At slits smaller than 
50 um, the signals from the DA were higher 
than from the PMT. When the entrance slit was 
open to more than 100 pm, no increase in DA 
signal was observed. In contrast, the PMT 
signal increased in a close to linear fashion 
until 500 um, and then began to plateau. (See 
also discussion below.) 

Figure 3 illustrates the silicon signal on 
the PMT when scanned with 0.1 s per 0.25 cm™* 
per data point. This produces approxi- 
mately the same number of data points as the 
diode array integrations (displayed in the 
same figure) which were acquired with 0.1 s 
and 52s integration time. 

Mole® $3000. Figure 4 illustrates the sil- 
icon signal detected by the PMT and diode ar- 
ray on the $3000 triple spectograph. Because 
of the lower dispersion of this instrument and 
the larger DA, about 630 cm™* can be viewed 
simultaneously by the DA in this region of the 
spectrum. In order to produce a PMT spectrum 
with the same number of data points, the spec- 
trum was scanned with 0.6 cm” per data point. 
The PMT integration time was 0.1 s; DA spectra 
were acquired with 0.1 s and 100s integration 
times, which corresponded to single-point PMT 
time and total integration time of the PMT 
spectrum. 


Diseusston 


The dependence of the observed signals on 
the PMT and the DA as a function of entrance 
slit width on the U1000 shown in Fig. 2 pro- 
vide insight into the behavior of these sig- 
nals. In the case of the DA, the entrance 
slit is the only slit that limits light 
through the system. The fact that the DA sig- 
nal plateaus as the entrance slit is opened 
indicates that the laser spot at the sample, 
as it imaged on the entrance slit, is small 
enough so that further increase in the en- 
trance slit width produces no gain in signal. 

In the case of the PMT, the entrance and 
exit slits are equal in width and the signal 
does not plateau until much higher slit values 
are reached. The data from the DA already in- 
dicate that for the U1000 entrance slit at 100 
um, no light is gained when this slit is 
opened further. The increase in signal on the 
PMI must come then from the effect of the size 
of the entrance-slit spot as imaged on the 
exit slit. Since the FWHM of the silicon pho- 
non is %5.5 cm ?, as measured with 100um slits 
on the U1000, the size of the image of the 
spot in the exit plane of the U1000 is 600 um 
at the half-intensity positions. Therefore, 
the PMT signal on the U1000 does not increase 
as the exit slit is opened beyond 500 un, 
which corresponds to the plateau in Fig. 2. 

We can thus argue that comparison of PMT 
and DA signals on the U1000 can be done effec- 
tively with 100um slits. The entrance slit 
does not block any light. An infinitely sharp 
Raman line would be imaged on about six di- 
odes. However, because the silicon phonon 
line is %5.5 cm™? wide, 24 diodes are spanned 
by the full width at haif maximu. The four 
diodes at the band maximum see signals compa- 
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rable to the signal transmitted by the 100um 
exit slit. Comparison of the PMT to DA spec- 
tra from the U1000 in Fig. 3 can now be used 
to evaluate the multiplex advantage. The 
signal-to-noise in the top two spectra (ac- 
quired with 0.1s integration) on the PMT and 
DA are comparable; however, the DA spectrum 
was acquired 500 times faster. The DA spec- 
trum on the bottom of the figure was acquired 
with the same integration time as the total 
PMT integration time. It is clear that the 
added integration time occurring across the 
entire spectrum produces greatly improved sig- 
nal-to-noise ratios. Similar comparisons can 
be made on the PMT and DA scans recorded on 
the triple Mole® $3000 in Fig. 4. More exten- 
sive measurements of the multiplex advantage 
are continuing so as to enable quantification 
of the enhancement of signal quality. 
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HIGH-SPATIAL-RESOLUTION ANALYSIS OF SEMICONDUCTOR THIN FILMS WITH A RAMAN MICROPROBE 


P.M, 


The Raman microprobe has been used for several 
years to characterize microsamples. More re- 
cently, it has been used to produce line scans 
of nonuniform semiconductor films, in some 
cases after laser processing of the sur- 
face.*~* In fact, two-dimensional maps of 
such films have been obtained* and we have 
been able to generate three-dimensional maps.° 
We survey our recent contributions to this 
field and briefly discuss new promising direc-~ 
tions of research which we are exploring. 


One-dimenstonal Maps of Semiconductor Thin 
Films 


The general goal of our research is to gain 
a better understanding of laser-solid interac- 
tions. This is a vast field and our contribu- 
tions have been primarily in two areas. 

First, we have embarked on a study of laser- 
induced damage.® Such a study is important 
because damage to optical components limits 
our ability to obtain high power laser beams. 
Damage is usually thought to occur at isolated 
sites associated with the presence of imper- 
fections such as defects or surface rough- 
ness.’ The nature of those imperfections is 
poorly known, and the inability to observe 
precursors to damage is puzzling. When ex- 
posed to many laser shots (instead of one), 
most components eventually fail, even if the 
laser power density is still below the single- 
shot damage threshold.® The incubation per- 
iod, during which it has not been possible to 
observe any meaningful precursors to date, is 
a strong function of the laser power density, 
and there seems to be a "safe" level? that 
corresponds to power densities so low that no 
degradation is observed for any practical num- 
ber of shots. 

The second area of interest to us is that 
of laser annealing, laser recrystallization 
and formation of metastable phases of matter 
with short laser pulses. Lasers have now been 
used for almost ten years to restore crystal- 
line order in ion-implanted semiconductors.?° 
Today, lasers and lamps are used to recrystal- 
lize polycrystalline or amorphous silicon 
films grown on insulator, a material of tech- 
nological importance for thin film transis- 
tors.** Relatively large single-crystal 
grains can be produced thanks to the presence 
of seeds (i.e., uncovered Si islands) in the 
silicon dioxide film.** However, especially 
with respect to strain and its spatial varia- 
tions, the effect of laser processing is quite 
different from that of lamp processing. 

The Raman microprobe is an ideal tool to 
map important material properties that may 
help us understand the mechanisms at work bet- 
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ter. The Raman spectrum is sensitive to many 
parameters. In our work, we have emphasized 
crystallinity, grain size, and strain or 
stress.*?® 137° Since the laser beam is fo- 
cused to a lum spot, the Raman maps obtained 
by scanning the beam have a resolution compar- 
able to what is available from good optical 
microscopes. Mapping in the third dimension 
is achieved by tuning of the laser wavelength. 
The penetration depth of light in semiconduc- 
tors such as Si, Ge, or GaAs is a strong func- 
tion of wavelength in the spectral regions 
covered by an argon or krypton laser.+*® 
Therefore, one-, two- and three-dimensional 
maps of crystallinity, grain size, or stress 
can be generated. 

We now discuss briefly two examples from 
our own work. In the first example, a thin 
film of polycrystalline silicon grown on sili- 
con dioxide was illuminated by picosecond la- 
ser pulses in the visible (532 nm) or in the 
ultraviolet (355 nm). Melting occurred at the 
center of the illuminated spot and the surface 
was rough when observed with an optical micro- 
scope. The profile of the surface is sketched 
in the first entry of Fig. 1. The Raman mi- 
croprobe was then scanned along a radial line, 
and the other entries in Fig. 1 show the 
asymmetry, the width, the shift with respect 
to the peak of the line before processing, and 
the intensity of the Raman line of silicon, 
Those results have been discussed in more de- 
tail elsewhere.*5*?7 Basically, after 532nm 
illumination, the central region 1 is made of 
large grains (>30 nm) under large tensile 
stress (6 x 10° dyne/cm?). In region 2, the 
stress becomes heterogeneous, which means that 
the film did not melt thoroughly. In region 
3, which appears completely unaffected under 
optical microscopy, we observe that the grain 
size is comparable to that in the original 
film (of the order of 20 nm) but that the 
stress relaxes over a region of the order of 
20 um. Note that the grain size was also mea- 
sured by Raman scattering as explained in Ref. 
18. After 355nm illumination, the central re- 
gion 1 has similar properties except that the 
stress is already heterogeneous. In region 2, 
the average grain size is very small (of the 
order of 10 nm or less) and the stress relaxes 
much more slowly than after 532 nm illumina- 
tion. Note that the grain size is determined 
by the asymmetry of the Raman line,*® that the 
stress is measured from the shift of the 
peak,*°? and that the heterogeneity is esti- 
mated from the width of the line, after the 
effect of grain size has been accounted for. 
Finally, we interpret the slow recovery of the 
line intensity as due to the presence of a 
thin amorphous layer produced by the ultrafast 
quenching that follows ultrafast melting. 

In the second example, we have compared an- 
nealing of thin amorphous silicon films by 
pulsed or cw lasers, or by lamps. These sam- 
ples have been obtained from different sources 
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and have undergone widely different processing 
steps. The geometry of these structures also 
differ greatly. It is possible at this time 
to give a crude summary of our findings. In 
general, the laser processed samples showed 
residual stress of the order of 10° to 107° 
dyne/cm?, and this stress relaxed away fromthe 
seeds, whereas the lamp-processed samples 
showed little or no residual stress. Many 
other factors, for example the details of the 
sample geometry and the presence of a cap lay- 
er, may affect the results. We expect to be 
able to provide a coherent picture of all our 
findings in the near future. 


Two- and Three-dimenstonal Mapping 


Mapping in two dimensions seems like a 
rather trivial extension of the work described 
above. However, if we are concerned with a 
lineshape analysis, it means that a good qual- 
ity full spectrum must be obtained for each 
square micron and that the procedure must be re- 
peated many times to cover a macroscopic area. 
Therefore, in the first two-dimensional map- 
ping of semiconductors of which we are aware 
the authors took advantage of polarization se- 
lection rules to map the strength of the for- 
bidden line.* The samples were laser an- 
nealed to recrystallize a thin silicon layer. 
When epitaxy from the substrate was complete, 
the crystal orientation was nearly perfect and 
the forbidden line was weak. When epitaxy was 
incomplete, the grains were more or less ran- 
domly oriented and the forbidden line was 
strong. We have recently obtained two- and 
three~dimensional maps of the full Raman line 
in semiconductor heterostructures. The data 
acquisition time is now greatly increased. It 
would thus be highly desirable to use an opti- 
cal multichannel detector array. It is also 
conceivable that by using proper optical ele- 
ments, the laser beam can be focused to a line 
(or at least a high aspect ratio spot) with a 
width equal to 1-2 um. The signal coming from 
the line focus could be analyzed with a two- 
dimensional detector array. The net gain in 
data acquisition time might be in excess of 
1000 compared to the present capabilities 
available in our laboratory. 

As mentioned before, depth resolution can 
be achieved by tuning the laser wavelength so 
that the probe light penetration depth varies. 
This has been demonstrated with unfocused 
probe beams on GaAs and InP.7° We have very 
recently started to generate three-dimensional 
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maps of the Raman spectrum in layered struc- 
tures. With the use of the microprobe and of 
depth profiling, Raman spectroscopy can now 
give important structural information on a 
scale of less than 1 um>. Since that can be 
achieved in a nondestructive manner, we pre- 
dict a bright future for this technique. 
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RAMAN MICROPROBE CHARACTERIZATION OF DIELECTRIC FILMS FOLLOWING 
HIGH-ENERGY PULSED LASER IRRADIATION 


G. J. Exarhos and D. M. Friedrich 


The interaction of intense laser radiation 
with thin oxide films often results in 
degradation of their optical properties 
through the formation of regions characterized 
by stress inhomogeneity, phase transformation/ 
recrystallization, or marked material abla- 
tion. A Raman microprobe investigation of 
several sputter-deposited single- and multi- 
layer films was initiated to study in greater 
detail the molecular changes induced by high 
energy irradiation, Catastrophic damage is 
observed in submillimeter regions whose shape 
and depth depend upon laser energy, wave- 
length, and the cumulative number of incident 
pulses. Spatially resolved Raman spectra ac- 
quired with a resolution of a few micrometers 
have been correlated with a specific damage 
morphology. In addition to identification of 
phase inhomogeneity resulting from irradia- 
tion, microprobe measurements also reveal non-~ 
uniform stress in the coatings inferred from 
frequency shifts in the sharp 143 cm7+* 

[ve (Eg) } vibrational phonon mode of the ana- . 
tase phase. Interpretation of spectra charac- 
teristic of the "equilibrium" damage state is 
based on previous work which demonstrated that 
Raman spectroscopy is an effective probe of 
film thickness, phase and stress inhomogene- 
ity, and microcrystallite orientation.*~* 


Experimental 


Single-layer dielectric films ca. 1 um 
thick and multilayer stacks were prepared by 
reactively sputtering of Ti or Zr in Ar/Q, at- 
mospheres onto fused silica substrates in an 
rf diode system.* Multilayers consisted of 
alternating layers of metal oxide and silica 
and are characterized by sharp wavelength-de- 
pendent transmission and reflection bands. ° 
Amorphous or polycrystalline films (150nm 
grain size) of pure or mixed phases could be 
prepared by variations in the deposition con- 
ditions. These coatings were irradiated with 
a range of 532 or 355nm pulse energies (0~10 
mJ) over a spot size diameter of 1 mm or less. 
Radiation supplied by a Quantel Model 581C 
Nd:YAG laser had an average pulse width of 7 
ns. The equilibrium and time-resolved Raman 
measurements from these samples have been re- 
ported previously.’ Selected damage regions 
from these same samples were studied in detail 
by the Raman microprobe technique. 

Raman spectra were excited using the 488.0 
or 514.5nm CW lines from a Spectra-Physics 
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164-09 Ar* laser at power levels from 30 to 
220 mW into the microscope optics. A Spex 
Micramate system interfaced to a 0.85m Spex 
Model 1403 double monochromator equipped with 
the Datamate photon-counting system was used 
to analyze backscattered light of samples po- 
Sitioned at the focal point of the 40x (0.60 
NA) microscope objective, which also focused 
the excitation onto the sample. Illumination 
of the sample with white light allowed viewing 
images from the damaged film areas in reflec- 
tion or transmission by use of a color video 
camera. Sample damage regions were photo-~ 
graphed from the video screen. 

Raman spectra were also recorded in a time- 
resolved manner by imaging of the dispersed 
light onto an intensified diode array (Tracor 
Northern Model 6133). For this measurement, 
coarse ruled gratings (150 gr/mm) were used in 
the monochromator to increase the spectral 
bandpass. A narrow band rejection filter cen- 
tered at the probe laser wavelength (12nm half 
bandwidth) was inserted in front of the en- 
trance slits to minimize stray light in the 
monochromator, which was operated without in- 
termediate slits. 


Raman Measurements of Laser~damaged Coatings 


Reactively sputtered oxide coatings on sil- 
ica substrates are usuaily found to be under 
compressional stress owing to the sputtering 
parameters used during deposition and the dif- 
ference in thermal properties between coating 
and substrate. The inherent stress in thin 
films is determined spectroscopically from 
measured vibrational frequency shifts relative 
to bulk crystal frequencies and is one parame- 
ter that has been used to characterize laser 
damage. For example, the pressure dependence 
of the ve{Eg) mode in the anatase phase of TiO, 
is reported as 0.312 em-+/kbar.® Therefore, a 
frequency shift of this 143cm7* mode can be 
correlated with film stress. 

In addition to depth-profiling measurements 
of laser-damaged regions by measurement of 
relative vibrational band intensities of the 
coating material, existence of secondary phas- 
es can also be inferred, For example, 532nm 
pulse irradiation of 0.96um anatase coatings 
leads to material ablation and irreversible 
transformation of the anatase phase to the 
more dense rutile phase. Figure 1 shows the 
three high-frequency Raman lines of the coat- 
ing before and after irradiation. By use of 
Raman difference techniques, two lines at 440 
and 605 cm~/ (characteristic of the rutile 
phase) are discerned in the deconvoluted spec- 
trum of the damaged area. Similar results are 
observed when amorphous coatings (which gener- 
ally exhibit broad, weak vibrational features) 
are subjected to pulse laser irradiation. For 
example, the damage morphology characteristic 
of 355nm-irradiated amorphous ZrO, coatings 
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(1.2 pm thick) is described by a central dam- 
age crater surrounded by regions of surface 
fracture and pockmarks. Raman microprobe 
analysis of the cratered region reveals the 
presence of the monoclinic crystalline form 
of ZrQ;. 

A detailed surface profiling investigation 
of the laser damage region in a multilayer 
anatase coating following 532nm irradiation is 
reported and indicates two responses of the 
coating to the laser pulse. An optical micro- 
graph of the 17-layer Ti0,/Si0, transmission 
filter at 514.5 nm following irradiation is 
shown in Fig. 2(a}. To the right of the cra- 
ter, the coating has fractured into islands of 
apparently higher reflectivity. Raman scat- 
tering from these islands indicates the pres- 
ence of an unstressed anatase phase (vg = 143 
cm-*). Around the remainder of the periphery, 
the undamaged coating shows no cracks. How- 
ever, Raman spectra acquired near the crater 
boundary reveal measurable band frequency 
shifts relative to the undamaged coating as 
seen for the vg mode in Fig. 2{b). Closer ex- 
amination of the irradiated area reveals ir- 
regular fingers of lower reflectivity fanning 
out into the undamaged coating for distances 
exceeding 150 um. Figure 2({c) demonstrates 
regular frequency fluctuations for the 
mode as a function of distance from the damage 
crater along one of these darker fingers. Far 
from the edge, the anatase is unstressed (v.5 = 
143 cm-?). As the edge is approached, the 
frequency increases to a maximum of 147 cm7?*. 
(The damage crater itself reveals a decreased 
quantity of anatase relative to the undamaged 
coating characterized by a ve frequency of 
143 cm-*.) The measured vibrational line 
shift corresponds to a bulk compressional 
stress increase in excess of 10 kbar. For 
coatings subjected to higher pulse irradiation 
energies, shifts of the vg frequency to ca. 149 
cm-? have been observed. At still higher en- 
ergies, nearly complete ablation of the coat- 
ing is observed and weak rutile features can 
be discerned in spectra obtained from the dam- 
aged region. 


Results and Diseusston 


New polycrystalline phases have been iden- 
tified in pulse laser irradiated dielectric 
films by Raman microprobe spectroscopy. In 
addition, irregular regions of stress inhomo- 
geneity, inferred from lattice phonon frequen- 
cy shifts, were observed radiating outward 
from irradiated areas of a multilayer anatase 
film into undamaged regions. This metastable 
state could result from partial transformation 
of the film to a higher-density rutile phase 
with stress concentrating at grain boundaries 
or from substrate/film relaxation caused by a 
difference in thermal properties. An extended 
region of stress fluctuation definitely accom- 
panies catastrophic damage to the film and may 
be a precursor to such damage through promo- 
tion of crystalline phase transformations. 

Recrystallization of a metastable amorphous 
or crystalline phase to a thermodynamically 
stable phase can occur when a material is sub- 
jected to either pressure (stress) or tempera- 
ture fluctuations. She and coworkers’ have 
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demonstrated that amorphous TiO, films begin 
to crystallize into anatase, rutile, or mixed 
phases at temperatures as low as 325 C. Laser 
absorption during pulsed irradiation of oxide 
films is capable of producing temperatures 
well in excess of this value and could promote 
the observed recrystallization phenomena. 

Both temperature and stress effects must be 
considered in the development of a model for 
the damage process. 

Films comprised entirely of the rutile 
phase of TiO, suffer damage at somewhat higher 
pulse energies than anatase films of compar- 
able thickness.® Recrystallization is ob- 
served in grain-ordered coatings following ir- 
radiation by polarized Raman measurements, but 
only a rutile phase can be detected.” These 
results suggest that another mechanism involv- 
ing multiphoton excitation processes may be 
responsible for laser damage to rutile films 
since the rutile phase is stable at very high 
temperatures and pressures.* 
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FIG. 1.--Raman spectra of 0.96um anatase coat-~ 
ing on silica before and after exposure to 
single 532nm high-energy laser pulse. 


em 400 600 800 


se Beant Dats 
ee 


: 
“s 
a 
: 


3: 


2 ee Boy 
poorer 
ce 

eee 

oe 
ee 

pee ee 


Es, Cheatin 


(a) 
| 
4 
5 
: 147 
: 
5 
‘1 
| 
: 146 
: 
3 
: z 
: a 
ae § 
= 145 
J 
2 
3 (em™} 
o 
c 
144 
143 
142 
100 150 200 0 50 100 150 200 
Wavenumbers micrometers 
(b) (c) 


FIG, 2.--Surface profiling of laser damage for multilayer anatase film: (a) photomicrograph of 
damage morphology; (b) expanded trace of vg lattice phonon mode in unstressed region (lfr cm7}); 
(c) frequency variation of vg mode scanning away from damage crater (dashed line). 


149 


: Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


CHARACTERIZATION OF QUALITY AND STRAIN IN GALLIUM ARSENIDE 
SEMICONDUCTORS BY MICRO-RAMAN SPECTROSCOPY 


F. J. Purcell 


The quality of information characterizing semi- 
conductor materials is one of the most critical 
factors in designing and manufacturing silicon 
as well as faster III-V devices. Spectroscopy 
has emerged as a primary source of information 
for many reasons, not the least of which is 
the noncontact and nondestructive nature of 
spectroscopic techniques. Capable of being 
fully automated through microprocessor con- 
trol, spectroscopy also generates a range of 
data unmatched by other methods. 

Raman spectroscopy complements photolumi- 
nescence characterization by providing a more 
comprehensive structural and molecular picture 
of semiconductor materials. The power of Ra- 
man spectroscopy is further enhanced when a 
research-grade microscope is coupled to the 
spectrometer and a laser is used as the excita- 
tion source. Such a microprobe system permits 
spatial resolution of the order of 1 um, fa- 
cilitating analysis of minute particles within 
larger samples. 

In general, silicon semiconductor devices 
require an ultrapure, highly crystalline form 
of this material. Although amorphous silicon 
is nonconducting, comparatively inexpensive 
polycrystalline silicon has varying degrees of 
short-range order and can be employed for cer- 
tain applications. Raman analysis of peak 
shifts and bandwidths makes it possible to 
calculate the length over which a sample is 
ordered, helping to identify the regions suit- 
able for commercial use. 

To obtain desired device characteristics, 
it is often necessary to "dope" a semiconduc- 
tor with an excess of a specific type of car- 
rier. lon implantation is a convenient method 
of doping at room temperature, but bombarding 
a crystalline semiconductor with ions destroys 
the long-range order of the substrate near the 
surface. To restore order and move the im- 
planted ions to substitutional positions, the 
wafers are annealed by laser. However, ion 
damage and crystal regrowth must be carefully 
monitored for maximum economy. Raman analysis 
can meet this requirement, in addition to de- 
termining the thickness of the implanted 
region, 

Upon doping, the symmetry of III-V semicon- 
ductors permits the longitudinal optic (LO) 
lattice mode of a material such as gallium 
arsenide to couple with the longitudinal plas- 
mon oscillations of the newly introduced free 
carriers. The frequencies of these coupled 
plasmon-LO phonon modes are designated W+ and 
W- or L+ and L-. At concentrations of about 
107° cm3, the W+ mode becomes coincident with 
the LO phonon mode and Raman spectroscopy 
easily determines the carrier concentration 
from the position of the W+ mode. 

Silicon and III-V wagers are stressed by 
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processing steps and temperature changes that 
may cause local deformation and defects in 
various layers. Furthermore, new techniques 
to improve isolation between densely packed 
devices for very large-scale integration 
(VLSI) can generate strain as well. One such 
technique involves depositing a layer of ul- 
trapure silicon on an insulator such as sap- 
phire. Whatever the source, though, stress 
detrimentally affects carrier mobility, and 
Raman spectroscopy can analyze strain 
phenomena, even for micron-sized samples. 

In the growth of GaAs and other III-V semi- 
conductor materials, both the LO and trans- 
verse optic (TO) modes are allowed under cer- 
tain orientations. However, since most semi- 
conductor devices are constructed along the 
(100) face of GaAs, symmetry conditions pre- 
dict that only the LO phonon is allowed in 
this orientation. Thus, the appearance of the 
TO phonon in a sample of (100) GaAs would be 
an indicator of poor crystal quality. The 
relative position, bandwidth, and lineshape of 
the LO phonon bank would also be indicative of 
questionable quality. 

To demonstrate the utility of micro-Raman 
spectroscopy for semiconductor characteriza- 
tion, a gallium arsenide wafer implanted with 
field-effect transistors (FET) is analyzed 
with a microprobe Raman system. The analyses 
were performed on a SPEX Triplemate equipped 
with Micramate micro-Raman sample chamber. 

A 4W argon ion laser (Innova 70-4) with the 
laser line at 488.0 nm is focused on the spot 
of interest via a 40x objective. The detector 
is an EG&G PARC 1420 diode array intensified 
over 700 channels and controlled by an EG&G 
PARC OMA III console. Instead of acquiring a 
spectrum point by point, typical of a scanning 
monochromator coupled to a photomultiplier, a 
system with a multichannel detector views a 
spectral bank or even a complete spectrum at 
any given instant. This feature greatly in- 
creases the rate of data acquisition and 
avoids damage to the sample. 

GaAs data will be acquired as a function of 
distance from the metal interface. Results 
will be related to the strain induced in the 
GaAs, as well as to the sample's electrical 
performance. 
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OBSERVATION OF HSiC1 BY LASER-INDUCED MICROFLUORESCENCE DURING 
DIRECT-LASER WRITING OF SILICON MICROSTRUCTURES 


Frank Magnotta 


Fluorescence microprobe techniques are used 
for the first time as a real-time probe during 
local direct-laser writing. Laser-induced 
fluorescence (LIF) from the HSiCl] free radical 
has been observed during pyrolytic deposition 
of micron-dimension structures of silicon on 
germanium from dichlorosilane. The detection 
of a silicon-containing radical near a local- 
ized laser-induced microreaction suggests that 
gas-phase dynamics are important in pyrolytic 
silicon deposition from silanes, which may not 
be merely limited by silane surface kinetics. 
The use of this microfluorescence technique as 
a probe for laser gas-surface interactions 
promises to be a powerful tool in elucidating 
the dynamics of such interactions. 

Conventional chemical vapor deposition 
(CVD) of silicon from silane and chlorosilanes 
is commonly used for production of epitaxial 
films for semiconductor applications. Al- 
though the technology of this process is quite 
mature, the actual physics and chemistry in- 
volved in deposition are poorly understood. 
Recently, this process of pyrolytic deposition 
has been extended to microfabrication of inte- 
grated circuits by direct-laser writing (i.e., 
laser CVD).'~> In this process, focused laser 
light induces localized heating which results 
in deposition of material from gas phase pre- 
cursors or etching of surfaces, aided by gas 
phase co-reactants. Direct-laser writing has 
been used to fabricate active devices, as well 
as to interconnect prefabricated CMOS gate ar- 
rays.'?> While conventional and laser CVD ap- 
pear analogous, the conditions under which 
deposition (or etching) occur are considerably 
different and result in quite different mater- 
jals characteristics. Conventional CVD of 
silicon from silane, for instance, utilizes 
relatively low temperatures and precursor con- 
centrations and deposition is slow, which re- 
sults in partially hydrogenated amorphous 
silicon. On the other hand, pyrolytic laser 
CVD is carried out at higher pressures and 
temperatures, and results in deposition of 
polycrystalline silicon at writing speeds of 
several millimeters per second. 

Various gas phase and surface probes have 
been used in attempts to elucidate the mecha- 
nism leading to thin-film formation in conven- 
tional processing.’ The advantage of coupling 
similar probes to the laser-CVD process re- 
sults from the localized nature of the sampled 
area (usually of the order of several square 
microns). This also presents the obvious 
drawback of greatly diminished signal inten- 
sity. Recently, the laser Raman microprobe 
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technique was used for the first time in our 
laboratory as a real-time probe during local 
direct-laser writing of silicon microstruc- 
tures from silane.°*? Similarly, micron-dimen- 
sion structures of germanium-silicon alloys of 
various compositions were fabricated and anal- 
yzed in real time by Raman microprobe spectros- 
copy.° The extension of this surface analysis 
probe to gas phase detection of reactive free- 
radical intermediates produced during laser 

CVD is straightforward. 


Experimental 


The experimental apparatus is similar to 
that used for the Raman microprobe experiments 
mentioned above and is briefly described here 
(Fig. 1).°~® An argon-ion laser (4880 &) was 
directed to and focused onto a subtrate 
through an infinity-focus objective, and a 
vidicon allowed on-line viewing. The focused 
laser induces pyrolytic microdeposition of 
silicon from dichlorosilane by local heating 
of the substrate while exciting a coincidental 
hot band absorption in HSiC1l. Fluorescence 
from the ~100um> volume is collected by the 
objective, prefiltered to remove 48804 light, 
dispersed by a 0.2m polychromator, and detect- 
ed by a microchannel plate-intensified diode 
array rapid-scanning spectrometer/signal aver- 
ager. 


Results 


Figure 2 shows the emission spectrum ob- 
tained during pyrolytic deposition of a sili- 
con line (v2 um wide by v1 um high) on a ger- 
manium substrate, with an incident laser power 
of 2.1 W, 162 Torr SiH,C1,, and a cell scan- 
ning speed of 0.1 mm/s. Following deposition, 
the reaction cell was evacuated and the line 
was rescanned under conditions identical to 
those used for writing to facilitate back- 
ground subtraction, which consisted of a large 
blackbody component. ‘The 4880A laser line is 
in close coincidence with and excites the 
(0,1,0)-(0,1,0) hotband A(*A")-X(*A') transi- 
tion (bandhead is at 4883.8 A) of HSiCl. Also 
shown in Fig. 2 are the caiculated positions 
of the vibronic origins from the (0,0,0) level 
of the excited state from constants of Ref. 9. 
The laser Rayleigh line and the (0,0,0)- 
(0,0,0) line are completely suppressed. The 
spectrum was obtained over a 15s integration 
time; however, reasonable signal-to-noise 
could be seen in as little as 50 ms. Similar- 
ly, pressures as low as 20 Torr (at which 
point writing becomes thin and erratic) re- 
sulted in excellent signal-to-noise. The ap- 
parent underlying continuum in Fig. 2 is re- 
producible and may be due to incomplete back- 
ground subtraction. 

Similar experiments utilizing the 5145 A 
laser line resulted in no fluorescence signal 
in deposition from either silane or dichloro- 
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silane. Defocusing the 48804 line slightly to 
where no visual deposition occurred also re- 
sulted in no fluorescence signal. The ener- 
getics of dichlorosilane decomposition suggest 
that SiCl, should be the primary product, 
since it is the lower-energy product by 32.5 
kcal/mole. The observation of the higher- 
energy product, HSiCl, strongly suggests the 
presence of SiCl,. Future experiments are 
planned to detect this species. 


Cone Llustons 


The observation of HSiCl in localized di- 
rect-laser writing of polycrystalline silicon 
microstructures is a strong indication that 
gas phase kinetics are involved in the deposi- 
tion process, in addition to surface kinetics. 
The highly localized observation region in- 
trinsic to this technique further suggests 
that this species is produced directly and not 
as a result of subsequent secondary reactions. 
Energetic considerations suggest the presence 
of $iCl,; however, detection of this species 
was not attempted. Modification of the appa- 
ratus to incorporate a tunable laser would al- 
low a systematic search for other reactive in- 
termediates. Furthermore, the technique of 
laser-induced microreaction/detection should 
find widespread use as a powerful spectro- 
scopic probe for studying both photolytic and 
pyrolytic gase-surface reactions. 
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FIG, 2.--Fluorescence emission spectrum of 
HSiC1 excited at 4880 A obtained during direct- 
laser writing. Line positions, calculated 
FIG. 1.--Schematic of direct-laser writing mi- from Ref. 9, are plotted above spectrum 
croscope/fluorescence microprobe apparatus. (vi" VA! va")-(va"sva"sva"). 


154 


aS 
8 
oI 
B 
sy 
o 
Pa 
8 
& 
S 
& 


Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


PHOTOTHERMAL MICROSCOPE 


N. J. Dovichi and D. S. Burgi 


Optical microscopy is an old and venerable 
field. The simplicity of the compound micro- 
scope, along with near universality of optical 
absorbance, has led to the incorporation of 
the microscope into many fields of technology. 
In particular, the development of stains and 
dyes has produced a wonderful variety of chem- 
ical reagents for the determination of many 
substances within complex, natural matrices. 
However, the optical microscope suffers from 
an important limitation: samples must absorb 
an appreciable amount of light before they can 
be seen. To be visible, the sample must ab- 
sorb about 0.3% of the incident light (which 
corresponds to an absorbance of about 0.001). 
To image a ilum-thick sample, the product of 
absorptivity with concentration must be at 
jeast 10 cm7?. For a dye with high moler ab- 
sorptivity (say, 10*LM~*cm-!), the minimum de- 
tectable dye concentration is 1073 M. Trace 
analysis with high spatial resolution is not 
possible with the light microscope. Further- 
more, the maximum absorbance that may be stud- 
ied is in the range of 1-10; the dynamic range 
of absorbance measurements is slightly greater 
than three orders of magnitude. 

It is possible to study much more weakly 
absorbing materials with a much higher dynamic 
range by photothermal (or thermo-optical) 
techniques. In these techniques, very weak 
absorbance is detected within a sample not as 
a decrease in transmitted intensity but rather 
as a temperature rise within the sample. The 
temperature rise is indirectly observed as a 
refractive-index perturbation within the sam- 
ple; the refractive index of most materials 
changes with temperature. Photothermal tech- 
niques are applicable to most every sample, 
since an arbitrarily transparent material gen- 
erally undergoes a measurable temperature rise 
when illuminated with an arbitrarily powerful 
light beam. 

The high power and excellent spatial coher- 
ence of the laser are well suited to photo- 
thermal measurements of absorbance. The first 
photothermal technique to be studied was the 
thermal lens.* Here, a laser beam is focused 
into a weakly absorbing sample. The sample 
absorbs the beam and the excited analyte un- 
dergoes nonradiative relaxation, heating the 
sample. Since the beam is most intense in the 
center and least intense in the wings, a ther- 
mal gradient is formed. The resulting refrac- 
tive-index gradient acts to defocus the laser 
beam. The laser intensity change is measured 
with a small-area photodetector centered on 
the beam profile. By regression analysis of 
the signal produced when the sample is first 


illuminated, absorbance detection limits of 
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10°” have been obtained over a lcm path.? 

The photothermal microscope utilizes the 
crossed-beam thermal lens to study localized 
regions within larger, inhomogeneous samples. 
In this instrument, a second laser beam probes 
at right angles the heated region produced by 
a modulated pump beam.* * If the beams are 
crossed on axis, the photothermal signal is 
generated only where the two beams intersect. 
Furthermore, if the beams are very tightly fo- 
cused, very small volumes may be studied. The 
technique has demonstrated an improvement of six 
orders of magnitude in absorbance detection limit 
compared with Beer's law measurements. Fur- 
thermore, a similar improvement in dynamic 
range appears possible. For example, a crude 
photothermal detector has been used to study 
absorbance within neat liquid samples. Absor- 
bance detection limits of 10~? were obtained 
over a 2pm path.® Within the 0.2pL probe vol- 
ume, only 120 analyte molecules were present. 
The dynamic range of the instrument is limited 
by sample absorbance since some pump laser 
light must reach the probe volume. Absorbance 
in the range of 1 may be studied,* provided 
that the pump laser intensity is decreased to 
avoid damage to the sample. If the laser in- 
tensity can be conveniently decreased, then up 
to nine orders of magnitude in dynamic range 
are provided by the technique. 

The high sensitivity of the photothermal 
technique arises from an important property: 
since the thermal gradient increases as the 
pump beam is more tightly focused, the sensi- 
tivity of the measurement increases as the 
probe volume decreases.® This observation is 
worth restating in clearer language: the sen- 
sitivity of the technique improves simultane- 
ously with spatial resolution. In Beer's law 
measurements, the opposite is true; decreasing 
the probe volume by decreasing the path length 
produces a concomitant degradation of sensi- 
tivity. Photothermai techniques offer another 
interesting property; the phase of the signal 
is related to the thermal properties of the 
sample. Materials with high thermal diffusiv- 
ity quickly reach thermal equilibrium with the 
laser beam, whereas materials with low thermal 
diffusivity take a long time to reach thermal 
equilibrium. It has been shown that regres- 
sion analysis of the time-resolved crossed- 
beam thermal lens signal may be used to mea- 
sure differences in thermal diffusivity of 

%e 

An experimental diagram of the current gen- 
eration photothermal microscope is shown in 
Fig. 1. A helium-cadmium laser produces a 4mW 
pump beam at 442 nm. A helium-neon laser pro- 
duces a 1lmW probe beam at 632.8 nm. The pump 
beam is reflected and the probe beam is trans- 
mitted by a dichroic filter. The filter and 
the mirrors (M) are used to align the pump and 
probe beams parallel and offset by about 5 mm. 
The beams are directed into a microscope ob- 
jective equidistant from the central axis of 
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the lens. The lens focuses and crosses the 
two beams at a point within the sample. After 
transmission through the sample, the probe 
beam is filtered to block scattered pump laser 
light. The-pump beam is modulated at 1.3 kHZ 
with a mechanical chopper and a lock-in ampli- 
fier is used to estimate both the amplitude 
and phase of the photothermal signal. The am- 
plitude is divided by the average probe beam 
intensity to remove artifacts associated with 
nonphotothermal sources of intensity loss. 

One generates an image with the microscope by 
recording the amplitude and phase from the 
lock-in amplifier as the sample is translated 
through the intersection region of the laser 
beams. The sample is moved by use of compu- 
ter-controlled actuators with O.lum (nominal) 
resolution. A digital plotter is used to dis- 
play the image. 

This optical configuration represents a 
Significant advance over our first-generation 
microscope.’ In the earlier instrument, the 
pump and probe beams were focused with sepa- 
rate lenses, mounted at 90°. The configura- 
tion was cumbersome to align and limited in 
spatial resolution. It does not appear to be 
possible to cross two beams of micrometer di- 
ameter without having the lenses butt against 
each other. The current instrument utilizes a 
single lens and is automatically aligning; as 
long as the two beams are parallel to the lens 
and symmetrically located about the lens axis, 
they cross very near the focus of the lens. 

In fact 20, 30, 40, and 100x objectives are 
switched without any need for realignment. 

The only disadvantage of the system is that 
the beams do not necessarily cross at right 
angles. However, the great improvement in 
spatial resolution from use of high-power ob- 
jectives more than compensates for this disad- 
vantage. 

Figure 2 presents images of the amplitude 
and phase of the photothermal signal of a 
15um-thick slice of the stem of a 3-year-old 
plant of Tilia Americana. The plant had been 
stained with both fast green and saffranin. The 
latter dye preferentially stains lignin and 
strongly absorbs the helium-cadmium pump laser 
beam. A lum spacing between data points was 
used to generate the 100 x 100 pixel image. 
This image was taken from the xylem portion of 
the plant. Several cellular features are vis- 
ible in the images, The small cells near the 
top right portion of the image correspond to 
early wood and the large cells correspond to 
the late wood within the stem. The long, thin 
cells traversing the image at about 45° form a 
vascular ray, a portion of the transverse vas- 
cular system of the plant. The phase compo- 
nent of the image shows ridges at the cellular 
boundary and suggests that the cell walls con- 
tain material of thermal diffusivity different 
from the material in the center of the cells. 
It appears that the phase plot may be used to 
divide materials into different classes based 
upon thermal diffusivity. 

Figure 3 is an image, again consisting of 
100 x 100 pixels at 1.0ym spacing, of a 6)m- 
thick human epidermis section, stained for 
acid-fast bacteria (AFB). The AFB-stained TB 
bacteria are red and strongly absorb the pump 


laser beam. The phase component of the image 
is relatively featureless and not presented. 

A cluster of tuberculosis cells is clearly 
visible as the annular structure at the bottom 
left of the image. Other, smaller clusters 
are scattered throughout the image. Some of 
the small bumps may be associated with indivi- 
dual bacteria. 

In all figures, large changes in signal are 
observed over the lum step size used in gath- 
ering the data. Itis particularly interesting 
that the thermal properties of the sample may 
be imaged with this resolution. An optical 
technique is employed to study a nonoptical 
property of the sample with micrometer or bet- 
ter resolution. The combination of high sen- 
sitivity, high dynamic range, high spatial re- 
solution, and combined measurements of absor- 
bance and thermal diffusivity makes the photo- 
thermal microscope an interesting tool for a 
wide range of applications. The spatial reso- 
lution demonstrated in these images is not the 
ultimate produced by the microscope. We have 
recently employed an oil-immersion objective 
to study submicrometer features. It is possi- 
ble to image objects with 0.3yum resolution. 
Unfortunately, our current images are limited 
by the quality of our translation stages; im- 
provements in these components may allow im- 
proved resolution. 

One last property of the microscope should 
be mentioned. Since the image is generated 
only at the intersection region of the two la- 
ser beams and not integrated over the optical 
path of the sample, one can generate a thin 
section image of a relatively thick sample. 
The thin-section image is generated simply by 
translation of the sample in two dimensions 
through the the tightly focused beams. For 
example, we have generated the image of a 25ym- 
radius fluid inclusion within a lmm-thick geo- 
logical sample.® A thin section image should 
be of value for the study of histopathological 
materials. Currently, the pathologist re- 
quires approximately 24 h to prepare a thin 
section for visual interpretation. Since im- 
ages are generated by the photothermal micro- 
scope on thick samples, it may be possible to 
reduce greatly the sample preparation time for 
improved diagnostic speed. 
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FIG. 1.--Experimental diagram for photothermal 
microscope. 


FIG. 2.--Image of Tilia Americana. Length and 
width of image corresponds to 100 um in sample. 
(a) Amplitude component, (b) phase component. 
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TRACKING CHEMICAL TRANSFORMATIONS OF PARTICLES IN THE RAMAN MICROPROBE 


E. S, Etz 


Raman microprobe spectroscopy has become an 
established technique among other microanalyt- 
ical methods for the chemical analysis of 
single particles.+*? Several features make 
Raman spectroscopy attractive for particle 
characterization, among them the ability to 
(i) deduce molecular composition; (ii) estab- 
lish whether the sample is in a crystalline/ 
amorphous, liquid, or gaseous state; and (111) 
investigate the specimen under ambient condi- 
tions, free from the constraints of an evacu- 
ated sample chamber. These attributes, and 
others, have been thoroughly documented. and 
Raman microspectroscopy has now been exten- 
sively reviewed.?>*+* 


The Analytical Pursuit: Identifying Transtent 
Parttele Compostttons 


In work with the Raman microprobe, we have 
on numerous occasions made observations con- 
cerning changes in the chemical composition of 
particles which, had they been investigated by 
other methods, might have gone entirely unde- 
tected.°~? In many of these cases, these 
changes have manifested themselves as chemical 
transformations (often involving physical, 
e.g., phase changes) readily detected by di- 
agnostic changes in the pattern of the vibra- 
tional fingerprint. Such compositional 
changes are most often brought on by one of 
two factors: (1) laser-induced particle modi- 
fication due to heating or photodecomposition, 
and (2) particle transformations from sample 
instability toward ambient atmospheric condi- 
tions, mainly moisture, and frequently also 
ambient levels of COQ, and NH;. These then are 
the two types of interactions that most often 
need to be considered when spectral changes 
indicate transient or variable particle iden- 
tities. 

This paper does not consider chemical 
transformations of particles brought on by the 
interaction of the high-intensity, focused la- 
ser spot with the sample. Modifications pro- 
duced by laser irradiation are often difficult 
to interpret unless something is known about 
the specific interaction, such as laser-in- 
duced thermal oxidation of the sample (e.g., 
the conversion of W,C to WO,). Rather we il- 
lustrate several types of transformations of 
particles that are readily tracked by micro- 
Raman spectroscopy and that involve composi- 
tional changes brought on by exposure to reac- 
tive components in the air. Examples are 
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taken from NBS research in (i) the study of 
sulfate aerosols with relevance to atmospheric 
reactions, (ii) the characterization of micro- 
particle transformations in the lithium oxide/ 
hydroxide system, and (iii) the investigation 
of the long-term stability of uranium oxide 
reference materials used in the preparation of 
elemental standards for chemical microanalysis. 


Instrumentation and Experimental Procedures 


Measurements were performed with the Raman 
microprobe developed at the National Bureau of 
Standards.*?3 The instrument is a convention- 
al Raman spectrometer especially designed in 
its fore-optical system for single particle 
analysis. Whenever feasible, the spectra are 
excited with the 514.5nm line of an argon/ 
krypton laser. When spectral interferences 
are encountered due to sample fluorescence 
(e.g., uranyl compounds), the spectra are ac- 
quired with 568.2nm radiation. The signal is 
detected by a cooled photomultiplier tube and 
processed with conventional photon counting 
electronics. The Raman microprobe is totally 
automated in that all of its functions are 
controlled by a digital computer and its in- 
terface modules. The computer interface and 
associated peripherals have provided the means 
to develop an extensive spectral library and 
allow convenient qualitative evaluation and 
interpretation of the spectra. 

Particles are examined individually, gener- 
ally in particle dispersions supported by ei- 
ther sapphire (a-Al,0,; totally inert) or 
lithium fluoride (LiF; no Raman scatter) sub- 
strates. Measurement parameters are in large 
part determined by the properties and "behav- 
ior" of the sample, which govern choice of la- 
ser wavelength, incident laser irradiance, 
signal integration times, and spectrometer 
scan rates. Conditions generally employed are 
a variable laser spot size of 6 to 15 um in 
diameter and laser power (at the sample) vary- 
ing from 5 to 50 mW, depending on sample tol- 
erance and the rate of sample transformation. 
Appropriate spectrometer scan rates may then 
vary from 40 to 100 cm'+/min and integration 
time constants from 2.0 to 0.2 s, respectively. 
All spectra reported here were acquired with 
spectral slit widths of either 3 or 5 cm}. 

All particle samples were prepared from 
well-characterized, high-purity chemical re- 
agents (solids), including primary reference 
standards available from the National Bureau 
of Standards (NBS Standard Reference Materi- 
als, or SRMs) and the New Brunswick Laboratory 
of the Department of Energy (NBL Certified 
Reference Materials, or CRMs). These samples 
were investigated as microparticulate disper- 
sions under ambient laboratory conditions. In 
other studies of unstable particle dispersions, 
the microprobe has been at times equipped with 
a controlled-atmosphere sample chamber. ° 


Particle Systems Subjeet to Compositional 
Changes 


Reactive Sulfate Aerosols. A particle sys- 
tem receiving much attention is that of reac- 
tive sulfate aerosols, since it relates to at- 
mospheric processes and chemistries, with the 
broader implications of atmospheric pollution 
and global climatic changes.® It has been 
thoroughly established that atmospheric sul- 
fate may have a number of molecular forms-- 
e.g., H2S0O,, (NHy)HSO,, (NHy)2S0,, MgSO,, 
CaSO, , Na2SO,, etc.--many of which are derived 
from H2SO, mists ("acid rain'!) and their neu- 
tralization products with NH;. Many of these 
sulfates are hygroscopic substances that form 
aqueous solution droplets over a wide range 
of humidities. As deliquescent salts they un- 
dergo transitions from the dry crystal to a 
solution droplet. Certain nitrogen-sulfur 
compounds have long been suspected as being 
important in stratospheric reactions, and much 
evidence points to their physical characteris- 
tics as being composed of a volatile slurry 
mixture of crystalline-like material in a li- 
quid matrix.? In work on stratospheric aero- 
sol collections,®’”’ we had a need to examine 
the properties and behavior of nitrosyl sul- 
furic acid, NOHSOQ,, which was postulated as an 
important aerosol constituent.?’’?° It became 
relevant to study several simple and complex 
laboratory-generated sulfate aerosols of var- 
ious compositions, including binary and terna- 
ry systems such as H2S0,4-NOHSO, and H2SO,4- 
(NH, ) 2S0,-NOHSO,. Because NOHSO, is extremely 
hygroscopic, ambient moisture is quickly ab- 
sorbed and the compound is instantly hydro- 
lyzed and decomposes to NO» and H2S0, when ex- 
posed to air. Measures can be taken to pre- 
vent this rapid decomposition of NOHSO,, so 
that indeed the micro-Raman spectrum of crys- 
talline NOHSO, may be obtained from a particle 
dispersion, as we have demonstrated.’ The Ra- 
man spectrum of solid NOHSO, exhibits several 
low-frequency lattice modes and the sharpness 
of internal vibrational modes characteristic 
of a crystalline solid. The most pronounced 
feature is a very strong, sharp band at 2273 
cm7? associated with the N-O symmetric 


NOHSO, microcrystal 
decomposed in air 
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stretching iaotion of the nitrosyl ion, NOt, 
and other bands at 420, 578, 1035, and 1173 
em-+ that are assigned to the HSO,” motions in 
the molecular solid. In these studies of mi- 
croparticles of synthetic sulfate aerosols, we 
have examined the decomposition of NOHSO,, from 
the initial crystalline state to the decompo- 
sition product, a concentrated solution of 
sulfuric acid. The spectrum of the decomposi- 
tion product of NOHSO, (Fig. 1) no longer 
shows any of the features characteristic of 
the precursor microcrystal.” Rather, the 
bands in the spectrum can all be ascribed to 
an aqueous solution of sulfuric acid.+}>12 
This system constitutes a complex equilibrium 
mixture involving HSO,, SO%~ ions, and undis- 
sociated H2S04, together with ion pairs, and 
hydrated species (e.g., H2SO,4*H,0). Whereas 
the vi band of soz7 is expected at 1980 cm7?, 
it is frequently not observed, or observed on- 
ly as a weak shoulder, since the concentration 
of free SOZ” is very low. Thus, the bands ob- 
served in solutions of the SOf /H2SO, system 
are largely attributed to the bisulfate ion, 
depending on the degree of dissociation of 
HSO,”. The prominent bands in such solutions 
are centered at Raman shifts 425, «595, and 
930 cm™", an intense band at %1040 cm™!, and 
a broader band centered at %1200 cm}, 


Unstable Microparticulate Oxtdes and Hy- 
droxides. Numerous classes of compounds, 
among them oxides and hydroxides, are fully 
expected to be quite stable on exposure to the 
ambient atmosphere, so that chemical transfor- 
mations of any significance are rarely sus- 
pected, especially when such substances are 
considered in bulk form. However, in the 
finely divided state as powders, these types 
of materials can undergo slow chemical trans- 
formations into new molecular states, often 
difficult to discern at the single-particle 
level. 

In recent work we have examined several 
lithium oxides and hydroxides as particle sam- 
ples since such particulate systems have 
yaised some health concerns in case these com- 
pounds are released into the environment as 
lithium combustion aerosols.** Modeling exper- 
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RAMAN SHIFT (Acm™) 
FIG. 1.--Raman microprobe spectrum of decomposed (hydrolyzed in air) microparticle (size, 20 
um) of nitrosyl sulfuric acid. Decomposition residue is droplet of sulfuric acid, supported on 
Sapphire (S) substrate. Excitation at 514.5 nm; laser power (at sample) 80 mW in beam spot 
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iments have shown that lithium combustion aer- 
osols are composed primarily of lithium monox- 
ide, Li,0; lithium hydroxide, LiOH; and lithi- 
um carbonate, Li,CO; (as well as trace amounts 
of lithium peroxide, Li,0,). The exact chemi- 
cal composition of the aerosol is determined 
by the prevailing concentrations of Hz0 and 
CO2. In moist air, for example, such aerosols 
consist mostly of LiOH*H20, which is in time 
converted to Li2C03. 

The chemical transformation with time of 
LiOH to Li,CO; can be directly studied in the 
Raman microprobe under the prevailing condi- 
tions of the laboratory environment. Reagent- 
grade LiOH is quickly converted to the monohy- 
drate and then, for a typical particle disper- 
sion of LiOH-H20, the slow conversion of the 
hydroxide to the fully stoichiometric anhy- 
drous carbonate can be followed over a period 
of days through the uptake of ambient CO,. 
Results of these measurements are shown in 


Lithium Hydroxide 
LIOH - H,O 


Fig. 2. The qualitative differences between 
the two spectra of the same microparticle are 
readily recognized. The top spectrum was re- 
corded only two hours from the time of prepa- 
ration of the particle dispersion. While the 
bands characteristic of hydrated LiOH are 
still predominant at Raman shifts 370, 396, 
840 and 3563 cm™*, partial conversion is al- 
ready indicated. The latter band in the top 
spectrum of the hydroxide is sharp and intense 
and is due to the H-O-H vibrations of the 
crystallographic waters of hydration.** Thus, 
these initial spectra of the hydroxide show 
the presence of a detectable (but not quanti- 
fied) concentration of carbonate as evidenced 
by the medium-intensity band at 1091 em™* (v1 
carbonate symmetric stretch vibration). Two 
days following the preparation of the sample, 
the spectrum of the hydroxide particle (Fig. 2, 
bottom) has changed in a remarkable way re- 
sulting from the progressive transformation to 


LiOH « H,O 
transformed in ambient air to 
Li,CO, 
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FIG. 2.--Microparticle spectra obtained in study of conversion of lithium hydroxide to lithium 
carbonate on exposure to atmospheric CO,. Top, spectrum of a microcrystal (15 um in size) of 


hydroxide partially converted to carbonate. 


Bottom, spectrum of the same hydroxide particle 


nearly completely transformed to lithium carbonate. Excitation at 514.5 nm; LiF substrate. 
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the stoichiometric carbonate, Li,CO,;. The 
-1090 cm-? band is now the dominant feature, 
and only a weak, remnant band is observed at 
3563 cm~*. In all other respects, the spec- 
trum of the converted particle is consistent 
with that obtained from a reference sample of 
lithium carbonate (NBS SRM 924), and is in 
full accord with the literature Raman data re- 
ported for anhydrous polycrystalline Li2CO3.+5 
Observed are the other characteristic internal 
carbonate vibrations at shifts 712, 750 and 
1460 cm™*, in addition to the reported lattice 
vibrations at 95, 127, 157 and 194 cm™+. 


Long-term Compostttonal Changes of Uranium 
Oxtde Standards. In many areas of NBS re- 
search it is important to examine the micro- 
homogeneity of samples, as in the case of 
source materials (e.g., bulk powders) that are 
used in the preparation of reference stan- 
dards. This procedure becomes necessary for 
source materials whenever there is reason to 
question the long-term stability and identity 
of such samples, despite strict adherence to 
dictated conditions of storage and handling. 
One particular area where such concerns are of 
relevance are the steps taken in the prepara- 
tion of Standard Reference Materials (SRMs) 
for chemical microanalysis. A specific exam- 
ple is the fabrication and certification of 
multielement glass SRMs.7® These glasses con- 
sist of various simple and complex composi- 
tions, and they are certified with regard to 
both major and minor elements and are guaran- 
teed to be homogeneous at the microscopic 
level. 

Whenever possible, these certified refer- 
ence glasses are prepared from high-purity 
source materials, such as primary reference 
standards available from NBS or NBL, and are 
commonly oxides, carbonates, or phosphates. 
Several of the available silicate and phos- 
phate glass SRMs contain actinides (e.g., Th, 
U) in certified concentrations, where these 
elements are introduced into the glass as 
stoichiometric oxides (e.g., SRMs UO, and 
U30g}. In conjunction with the preparation of 
several uranium-bearing glasses, we had reason 
to examine in the Raman microprobe several of 
the certified uranium oxide source materials 
(SRMs and CRMs), to investigate any variabili- 
ties in stoichiometry, to determine the spe- 
cific crystallographic phase, and to examine 
these powdered oxides for potential composi- 
tional modifications resulting from long-term 
storage. A particularly interesting case are 
our findings for a sample of Certified Refer- 
ence Material "Uranium Oxide, UO;"' (NBL CRM 
No. 18} which had been properly stored for 
several years but was suspected to have under- 
gone a chemical transformation. This material, 
a finely powdered solid, was examined by mi- 
cro-Raman spectroscopy, and spectra were ob- 
tained from more than a dozén single particles 
(size range, 5-20 um). Because of intense 
fluorescence emission on excitation at 514.5 
nm, the spectra of these particles were ac- 
quired with the 568.2nm line. A representa~ 
tive spectrum from these particle measurements 
is shown in Fig. 3. The principal feature is 
an intense band centered at 839 cm™+. This 
vibration falls into the frequency region 780 


to 900 cm™* characteristic of the symmetric 
stretching mode of the uranyl ion, voz", re- 
ported for a host of uranyl compounds.?+217>18 
Other bands in the spectrum of the sampie are 
consistent with the assignment of a uranyl ion 
vibrating unit and the identification of the 
sample as uranyl hydroxide of composition 
a-U02(0H)2, the most prevalent "monohydrate" 
(i.e., UO3*H20) in the UO3-H20 system.7® The 
uranium trioxide-water system is a complicated 
system for which seven different crystalline 
polymorphs having three chemical compositions 
have been identified.*® These chemical compo- 
sitions are usually formulated as U03*2H20, 
UO3*H20, and U03+0.5 H20, yet still there re- 
main some ambiguities as to the number and 
identity of the crystal modifications. 

UQ3°2H20 is considered the only true hydrate 
in this system. This hydrate may then be 
written either as UO2(OH)2°H20 or as 

H2U0,°H20. Similarly, the compound UO3-H20 
may then be more appropriately considered a 
uranyl compound, which is entirely consistent 
with the vibrational spectrum, and more exact- 
ly formulated as U0z2(OH)2. Four "monohydrate" 
forms of uranium trioxide have been re- 
ported,’*® but only two have been substantiated 
by rigorous studies, namely the o- and 8-forms 
of UO2(OH)2. The a-phase monohydrate, 
a-UO02(0H)2, is reported stable up to tempera- 
tures approaching 300 C. However, this phase 
is said to almost invariably contain less than 
one water molecule per U03, i.e., U03°0.8H20 + 
O.1H20. 

The a-phase monohydrate identified by mi- 
cro-Raman spectroscopy was confirmed also by 
x-ray diffraction studies. A bulk powder sam- 
pie of CRM No. 18 "Uranium Oxide" yielded an 
unambiguous x-ray powder pattern identical to 
that reported for hydrous uranyl oxide, 
UO3°H20.7° Inquiries into the nature and 
preparation of this NBL Certified Reference 
Material UO, verified that the material was 
prepared as y-U0O, (fired at 600 C), a pure and 
relatively stable phase of uranium trioxide.?”? 
We proceeded to restore this phase by heating 
the sample at 520 C for 24 h, and re-examined 
the micro-Raman spectrum of the heated materi- 
al which produced a spectrum very different 
from that of a-U0,(OH),. We attributed this 
spectrum to a pure phase of y-U03 showing no 
traces of any hydrated forms of UO;. 

These studies of various uranium oxide ref- 
erence materials and their potential long-term 
instability to constancy of stoichiometric 
composition, or uptake of moisture leading to 
hydrate formation, illustrate the usefulness 
of micro-Raman spectroscopy as an investiga- 
tive tool in diagnostic tracking of composi- 
tional changes of critical materials. 
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FIG. 3,--Microparticle spectrum of NBL Certified Reference Material "Uranium Oxide, UO3" (NBL 
CRM No. 18), converted to uranyl hydroxide on long-term storage and handling. Excitation at 


568.2 nm; LiF substrate. 
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TRANSMISSION ELECTRON MICROSCOPE WITH CASTAING'S ELECTRON X-RAY AND LASER RAMAN PROBES FOR 
SIMULTANEOUS ELEMENTAL AND MOLECULAR ANALYSIS AT SUBMICROMETRIC SCALE 


Michel Truchet and Michel Delhaye 


The Raman microprobe’ is a powerful instrument 
for molecular microanalysis of micrometric sam- 
ples. Up to now, numerous applications have 
dealt with inclusions in polymers or fibers, or 
in minerals. In biology, mineral and organic 
secretions precipitated into the cells, or out 
of them, can be studied by this method. How- 
ever, the low sensitivity makes it important 
to analyze pure or locally highly concentrated 
samples to detect a characteristic signal, 
even with the new generation of instruments 
with simultaneous multichannel detection. In 
biology, concretions larger than 1 um are sel- 
dom made of pure components, and the most com- 
mon case is that of mixed compositions; there- 
fore, it is not easy to obtain Raman spectra, 
except in the case of very good Raman scatter- 
ers, such as the calcium carbonates or the 
purinic wastes.?~* On the other hand, at the 
submicrometric scale (0.1-0.5 um), concretions 
and precipitates of biological origin are 
often more concentrated; in fact, the smaller 
the size, the greater the concentration of a 
given component. Unfortunately, submicromet- 
ric precipitates cannot be observed with a 
classical photon microscope. What is needed 
is a new type of Raman microprobe, with an 
electron microscope used for the topographic 
observation, and a system consisting of a la- 
ser probe and optical coupling to a photon 
spectrometer used for molecular Raman analysis. 
While studying such a new instrument, we have 
pointed out that it was possible to associate 
it with an electron probe and x-ray system for 
simultaneous elemental analysis, as in Cas- 
taing's apparatus .°?® 

Such a system may consist of a Castaing mi- 
croprobe with an electron microscope device 
(CAMECA, France) coupled with a multichannel 
Raman spectrometer (DILOR, France). The orig- 
inal Cassegrain mirror objective of the elec- 
tron microprobe, previously designed for sam- 
ple observation, is complemented or replaced 
by another device for Raman excitation and 
light collection. In fact, owing to the low 
density of Raman signals, one must increase 
the solid angle of light collection, which 
should ideally reach almost 47 steradian. 
This can be achieved by use of aspherical op- 
tical surfaces. However, in practice the 
available space around the sample is limited 
by tHe magnetic lenses. Consequently, the 
size of the optic for the light collection is 
very small. 


Author Truchet is at the Laboratoire d'His- 
tophysiologie Fondamentale et Appliquée, UA 
680 du CNRS, Université P. et M. Curie,12 rue 
Cuvier, F-75005 Paris, France; author Delhaye 
is at the Laboratoire de Spectrochimie Infra- 
rouge et Raman, LP CNRS 2631, Université des 
Sciences et Techniques de Lille-Flandres- 
Artois, F-59655 Villeneuve d'Ascq Cédex, 
France. 


Figures 1 and 2 give a general idea of the 
system. Other versions of such a compound in- 
strument have been assembled. 
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FIG. 1.--Schematic of electron microscope, 
with devices for elemental x-ray and for molec- 
ular Raman microanalysis. 


RAMAN SPECTROMETER 


TO 
SPECTROMETER 
SLIT 


TO 
SPECTROMETER 
SLIT 
ELECTRON 


5 
“3 
a 
23 

3 
: 
3 
3 
23 

3 
: 
3 
23 
23 

3 
: 
3 
33 
3 

: 
: 
= 
3 
“3 
3 
: 
) 
a 
ef 
BY 
a 
a 


Serena 


SAMPLE TWO ELLIPTIC LENS 
MIRORS 


FIG. 2.--Schematic of system allowing light 
collection in almost 4m steradian. It con- 
sists of two ellipsoidal mirrors with a common 
focus, where sample is palced. Light collected 
by these aspherical surfaces is transmitted to 
lenses (= objectives) and, with one or several 
mirrors, to entrance slit of Raman spectrome- 
ter. Excitation light is also focused on sam- 
ple. 
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AN IMPROVED ALGORITHM FOR LINEARIZING IN WAVELENGTH OR WAVENUMBER 
SPECTRAL DATA ACQUIRED WITH A DIODE ARRAY 


J. M. Katzenberger, Fran Adar, and J. M. Lerner 


We present an improved computational method 
for converting spectral data acquired with a 
diode array from diode number to wavelength or 
wavenumber scales, a process we call lineari- 
zation. The linearization procedure is based 
on a method presented by Diem,? which we ex- 
panded to include a correction for the tilt of 
the focal plane. An iterative procedure is 
introduced to determine the true geometric 
parameters of the spectrograph to which the 
diode array is attached. 

The necessity for accurate linearization of 
spectral data collected via a diode array/ 
spectrograph detector system has been dis- 
cussed by Diem.’ However, the algorithm pre- 
sented ignores several important considera- 
tions. For example, the algorithm assumes 
that the focal length, groove density, as well 
as all pertinent angles are known. Even 
though manufacturers supply this information, 
the values provided are only the nominal val- 
ues. The true values, which are a function of 
the tolerances of the various components used 
in manufacturing the spectrometer, are usually 
not known precisely. In addition, the algo- 
rithm presented by Diem does not consider a 
most important parameter--the tilt of the 
focal plane. 

We report here on an algorithm that ac- 
counts for this tilt, along with other factors 
created by an accumulation of geometric "er- 
rors.'' Unfortunately, operating manuals for 
many Czerny-Turner and Ebert monochromators 
rarely provide information on tilt. It is 
left to the user either to determine or ignore 
this function. Since the tilt, if present, 
nay have a significant effect on the lineari- 
zation process,* we describe a method that 
aids the user in determining the tilt of the 
focal plane, and also verifies or determines 
accurately the other important instrumental 
parameters required for accurate linearization 
of diode array spectral data. 


The authors are with Instruments S. A., 
Inc., 6 Olsen Avenue, Metuchen, NJ 08820. 
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Table 1 is included to illustrate the mag- 
nitude and type of errors that may result from 
lack of consideration of tilt. The data pre- 
sented in Table 1 are for a Czerny-Turner 
monochromator with an included angle of 24°, 
groove density of 1200 gr/mm, focal length of 
320 mm, and tilt of 2.4°, with a 1024-element 
diode array. The errors that result are of 
the order of 0.5 to 1.5 diodes. More impor- 
tant, the errors are larger at one end of the 
array than at the other. 

The combination of correcting for the tilt 
of the focal plane and determining the instru- 
mental parameters results in accurate lineari- 
zation to within one-half diode over the width 
of the diode array. 
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TABLE 1.--Calculated minimum and maximum wave- 
length for three central wavelengths with and 
without correction for tilt. 


Wavelength (nm) 


Minimum Center Max imum 
Correct 216.743~ 250.000 280.889 
No Tilt 216.663 250.000 280.665 
Error 0.080 0.000 @.024 
Correct 470.887 500.000 528.548 
No Tilt 470.812 500.000 528.526 
Error 0.075 0.000 0.022 
Correct 723.930 750.000 775.314 
No Tiit 723.863 750.000 775.294 
Error 0.067 0.000 0.020 
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CONCENTRATION PROFILES OF METHYL CENTRALITE DETERRENT DIFFUSED INTO A NITROCELLULOSE 
EXTRUDED MONO-PERFORATED SMALL-ARMS PROPELLANT DETERMINED BY RAMAN MICROSPECTROSCOPY 


J. D. Louden, B. W. Cook, J. Kelly, and J. Phillipson 


The ballistic performance of a propellant is 
controlled by coating of the granule surface 
with a deterrent. The deterrent reduces the 
rate of burning at the surface of the propel- 
lant and hence the rate of gas evolution. 
Knowledge of the concentration profile and 
penetration depth of the deterrent is impor- 
tant for calculation of ballistic performance. 

In this communication a Raman microspec- 
troscopic method is presented for the determi- 
nation of methyl centralite deterrent diffused 
into a nitrocellulose matrix. 

The concentration of deterrent within the 
propellant matrix is determined relative to 
the nitrocellulose by relative intensity mea- 
surements of the 1005cm7? (aromatic ring 
breathing vibration of methyl centralite) to 
the 850cm-’ NO, deformation or the 1290cm~? 
NO, symmetric stretch of the nitrocellulose. 

Raman measurements were determined at 5 um 
intervals from the external and internal sur- 
faces to a depth of 50 um on a microtomed 
faced-off propellant pellet approximately one- 
third the way down the pellet. 

The external surface profile shows a level 
concentration of deterrent through a region of 


Authors Louden and Cook are at ICI C&P PLC, 
The Heath, Runcorn, Cheshire, England; authors 
Kelly and Phillipson, at ICI Nobel's Explo- 
sives Co. Ltd., Stevenson, Ayrshire, Scotland. 
This work has been carried out with the sup- 
port of the Procurement Executive of the U.K. 
Ministry of Defence. 


the propellant grain with a steep drop in con- 
centration, which has been ascribed to a dif- 
fusion with interaction mechanism.! The in- 
ternal surface profile corresponds to a clas- 
sical diffusion profile which would initially 
predict an exponential concentration decrease 
from the surface inward, that would, with 

time, tend to become level and penetrate 
through the entire pellet. 


Cone luston 


The results show that Raman microspectros- 
copy is capable of determining concentration 
profiles and penetration depths of methyl cen- 
tralite deterrent in a nitrocellulose matrix. 
Future work will involve the extension of the 
technique to other deterrent/propellant sys- 
tems and quantification of the results. 
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IN SITU MICRO-RAMAN STUDY OF DISCHARGE PRODUCTS OF Li/SOC1, CELLS 


M. C. Dhamelincourt, P. Dhamelincourt, and F. Wallart 


Even though the overall reaction for the thio- 
nyl chloride cell is well established now, 
there continues to be controversy regarding 
the mechanism and the chemical nature of in- 
termediates of the reaction. Particularly, 
the pressure generated in Li/SOC1, cells has 
been found to be significantly lower than that 
predicted on the basis of the accepted dis- 
charge reaction. This finding is believed to 
be due to the SO, generated being complexed by 
LiA1C1, and/or absorbed by the carbon cath- 
ode./** Several studies have been carried out 
on this problem, but no Raman study has been 
hitherto described in the literature. 

Nevertheless, Raman spectroscopy and espe- 
cially micro-Raman spectroscopy is a technique 
particularly well adapted to this kind of 
problem allowing an "in situ" study during the 
discharge. 


Experimental 


The electrolyte was 1.8 M LiAl Cl,. It was 
prepared in a dry nitrogen-filled glove box by 
dissolving stoichiometric amounts of anhydrous 
LiCl (Carbo-Erba) and AlCl; (Fluka) in SOC1, 
(Carbo-Erba). The cell is shown in Fig. 1. 
The anode (b) is a lithium ribbon mechanically 
attached to the upper end of a stainless-steel 
rod protected by Teflon coating. The refer- 
ence {c) and the counter electrode (c) were 
identical carbon sticks (Carbone-Lorraine) set 
parallel to each other. The cell was air- 
tight, sealed by Viton O-rings. The construc- 
tion and the filling of the cell were carried 
out in a glove box filled with argon, free of 
oxygen. The top of the cell, especially made 
for micro-Raman observations was an optically 
flat window. 

Raman spectra were recorded with a spectral 
resolution of 8 cm™* by use of a micro-Raman 
spectrometer, Microdil 28, DILOR (France). It 
is equipped with a multichannel detector (in- 
tensified reticon linear photodiode array). 
The Raman spectrometer is coupled to a compu- 
ter that permits data acquisition and treat- 
ment. The excitation was the 514.5nm line of 
an ionized argon Laser (Spectra-Physics). The 
power was about 50 mW at the sample. The Ra- 
man spectra were recorded with an integration 
time of 10 s and 10 spectra were sequentially 
added in order to obtain good signal-to-noise 
ratio. 

A long working distance objective (a) al- 
lowed us to record spectra at the surface of 
the lithium electrode or inside the electro- 
lyte solution. The spatial resolution and the 
probed volume were 1 um and 10 um , respec- 
tively. Data were obtained at room tempera- 
ture. 


The authors are at the CNRS LASIR at Uni- 
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Results and Discussion 


The configuration of the cell is such that 
the ohmic resistance is high, so that we could 
only observe low discharge rates. Figure 2 
shows the spectra of the electrolyte in the 
spectral range of the S-O vibrational stretch- 
ing mode. In spectrum (a), recorded before 
the discharge, the band at 1230 cm? were as- 
signed respectively to free SOC1, and toe SOC1, 
molecules bound to the Li* ion.? Spectrum (b) 
was recorded after several hours at low-rate 
discharge, about 40 mA/cm?. We observed the 
formation of the Li(SOC1,)(SO,)* AlCl4~ com- 
plex characterized by the band appearing at 
1160 cm-*, studied in previous work.’ These 
bands have weak intensities because the con- 
centration of the species during the low dis- 
charge stays small even after a long time and 
also because the solution becomes slightly 
turbid (due to the formation of colloidal par- 
ticles of sulfur). 

Spectrum (c) was obtained when the laser 
beam was focused at the surface of the lithium 
electrode, after a discharge at 90 mA/cm?. A 
very broad band is observed at about 1100 cm7?. 
This frequency suggests that a complex, most 
likely Hit(S0s)%"s or a charge transfer complex 
between lithium and S0,, was generated at the 
surface of the lithium electrode. We cannot 
observe the formation of lithium chloride be- 
cause this species has no first-order Raman 
spectrum. 

Under these experimental conditions, free 
SO, is detected neither in the electrolyte, 
nor in the gas phase at the top of the cell. 
Indeed, free SO, in solution or in the gas 
phase should have exhibited Raman lines at 
1148 cm7? and 1152 cm™?, respectively. It 
would be interesting and informative to ob- 
serve the surface of the carbon electrode. 
Therefore, we pursued this work by modifying 
the cell in order to be able to observe the 
carbon electrode surface, and to verify wheth- 
er the generated SQ, is absorbed or not. We 
are also constructing a cell that will permit 
us to observe higher discharge rates in order 
to increase the concentration of the different 
species formed during the discharge; experi- 
ments are already in progress. 
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FIG. 1.--Schematic diagram of cell: (a) micro- 
scope objective, (b) lithium electrode, (c) 
graphite electrodes. 
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FIG, 2,.--Raman spectra (a) before discharge, 
(b) after several hours at low discharge rate, 
(c) at lithium electrode surface. 
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4B. Optical Spectroscopy: Micro-IR 
DESTGN AND PERFORMANCE STANDARDS FOR INFRARED MICROSCOPES IN SPECTROSCOPY 


R. G. Messerschmidt 


The year 1987 is the fortieth the world has 
had the all-reflecting IR microscope, That is 
almost as long as we have had infrared spec- 
trometers; indeed, the first combination of 
the reflecting microscope and infrared spec- 
trometer appears 38 years ago.’ In the inter- 
im, scientists largely did without this com- 
bined instrument. The historical development 
of the use of infrared transmitting micro- 
scopes for infrared spectroscopy has been in- 
vestigated recently and is not recounted 
here.? Why the technique works so well now 
and is so popular deserves some mention. 
Therefore, this paper looks at the present-day 
infrared microscope and investigates its capa- 
bilities and limitations through consideration 
of its inner workings and the theory behind it. 
Also mentioned is the development of the in- 
frared spectrometer, for it is largely the im- 
provement in spectrometer sensitivity that has 
made improved microscope performance a worth- 
while goal. The infrared microscopes of forty 
years ago were good enough for dispersive 
spectrometers; with the introduction of Fouri- 
er transform spectrometers, the microscope be- 
came the limiter of performance. 

In speaking about the performance aspects 
of the infrared microscope/spectrometer, we 
must evaluate four criteria. Three are famil- 
iar to the spectroscopist and one to the mi- 
cropist. The first three are quantitative 
linearity, qualitative accuracy and signal-to- 
noise ratio. The fourth criterion, the micro- 
scopic figure of merit, is the spatial resolu- 
tion.* What is meant by these four criteria? 
To begin with, the meaning of spatial resolu- 
tion in the infrared microscope is slightly 
different from what it is in microscopes where 
the eye is the detector. 

In an infrared microscope (Fig. 1), the 
visible optical train is parfocal and colin- 
ear with the infrared features that one 
achieves in setting up the microscope by view-~ 
ing through a series of small pinholes and 
then aligning for infrared energy through the 
same pinholes, In actual use, the area of in- 
terest is brought to the center of the field 
of the microscope under visible (transmitted 
or reflected) light. Then the area to be anal- 
yzed is delineated with high-contrast aper- 
tures in the remote image planes of the sam- 
ple. Preferably these apertures are variable 
in size so that the area of interest may be 
"zeroed in on." Since the opti- 
cal geometry is the same for the visible eval- 
uation and the infrared detection, the dif- 
fraction effect is worse for the detection 
step, because the wavelength is longer. For 
this reason, we can see the area we want to 
measure much more easily than we can actually 
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measure it. For infrared microscope spectrom- 
etry, we therefore define spatial resolution 
as the ability to measure the spectrum from an 
object delineated by the apertures without im- 
purity radiation from neighboring objects. 
Since the infrared spectrum is quite compli- 
cated, consisting of thousands of data points, 
it is often difficult to say whether spatial 
impurity has affected the result. If there is 
impurity, it can take the form of either a 
spurious absorption band from a nearby absorb- 
er, or stray light from a nearby hole. The 
Schwarzchild-Villiger effect" can then also 
cause problems. It states that stray radia- 
tion affects the strong bands in a spectrum 
much more than it affects the weak bands, 
which obviously plays havoc with the quantita- 
tive accuracy of the measurement. Both quanti- 
tative accuracy and signal to noise may be af- 
fected by the ability of a microscope to re~ 
solve the specimen spatially. 

As an interesting example (Fig. 2), an 
acrylic fiber 20 pm in diameter is embedded in- 
to an acrylic embedding medium and then cross- 
sectioned to a 10um thickness. Three spectra 
are run, all with the same spectromer condi- 
tions and for the same length of time. In the 
first spectrum, no particular effort is made 
to aperture out the surrounding embedding me- 
dium.- in the second, one variable aperture is 
used to delineate the fiber. In the third 
spectrum, two apertures, one in the rear focal 
plane of the objective and one in the rear fo- 
cal plane of the condenser, both delineate the 
same area of the sample. The first spectrum 
obviously has the best signal-to-noise ratio, 
but it is predominantly the spectrum of the em 
bedding medium! The singly apertured spectrum 
shows a much strong vcy vibration. But the 
result that best represents the fiber is the 
third one, even though it is noisier. Since 
the majority of the spectral absorbances are 
common between the fiber and the embedding 
medium, a poorly spatially resolved spectrum 
appears to be better. But the vcn band at 
2243 cm-* is attributed to the fiber only. 
Therefore, the result where this band is 
strongest, relative to the other bands, is the 
most accurate result. This aperture redundan- 
cy is the heart of a high-performance infrared 
microscope, 

To describe the theory behind the opera- 
tion of dual remote image masking, we must 
consider light diffraction. Basically, we ig- 
nore the imaging of the specimen in the micro- 
scope and consider first the imaging of the 
sharp-edged high-contrast apertures used to 
delineate the sample, although the sample can 
also play an important role in the performance 
of an infrared microscope. The key to. this 
approach is that the first aperture actually 
defines the area of the sample that is iilum- 
inated: the sample is nonluminous and we 
“light up" only a small area, not the full 
field as when we view the sample. Therefore, 
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we must know the shape of the diffraction-lin- 
ited image of the aperture in the sample 
plane. There are very few "exact solutions" 
in diffraction theory, so it is indeed fortu- 
nate that we usually use rectangular apertures 
to delineate the sample. If we consider each 
blade of a rectangular aperture separately, 
the problem becomes that of diffraction at a 
high-contrast straightedge. This problem has 
been worked out for us.° Figure 3 shows the 
mathematical relationship between intensity 
and position for a high-contrast edge which de- 
fines the input of energy to the specimen. 
Also shown is the ideal curve for the imaging 
of the edge in the absence of diffraction. 

The energy that exists in the geometrical 
shadow of the edge is undesirable, since it 
illuminates an unwanted portion of the speci- 
men. What is left to do is to superimpose a 
similar output function in the image plane af- 
ter the specimen. The resultant energy pro- 
file at the detector is the product of these 
two functions (Fig. 3). Of course one can ob- 
tain further assurance of spatial purity by 
overaperturing, i.e., by deliberately closing 
down the remote-field apertures beyond the de- 
sired area of the specimen. However, we are 
often energy starved in the size limit and 
cannot afford to throw away energy. In this 
situation, one does much better by carefully 
redundantly aperturing to the edges of the ar- 
ea of interest. In some cases, for instance 
where the surrounding medium is known and can 
be subtracted, the second aperture may be ne- 
glected in the interest of speed. 

However, aperture redundancy is only one of 
many important considerations in the design of 
a quantitatively and qualitatively accurate, 
high-sensitivity instrument. Many of the oth- 
er aspects were adequately addressed in the 
many papers written about such instruments in 
the late 1940s and early 1950s.°~? Chief 
among these details is the need for a high-nu- 
merical-aperture optical system that is also 
free of aberrations to below the diffraction 
limit, over a reasonable field. Numerical ap- 
erture is inversely proportional to the extent 
of the diffraction pattern. A practical limit 
is reached, though, because as aperture in- 
creases, rays impinge on the specimen at 
steeper angles, which can adversely affect 
photometric accuracy. 

Another often overlooked problem is that 
the specimen itself acts as an optical element. 
In the biological microscope, there is a very 
well defined specimen geometry and most bio- 
Jogical microscopes come already corrected for 
it, That is, the objective is designed with a 
0.17mm-thick cover glass expected and required 
for proper performance. The condenser is sim- 
ilarly corrected for the glass slide. Unfor- 
tunately, the specimen is much less well de- 
fined in the infrared. microspectrometer. The 
miscroscope is expected to perform equally 
well for a cylindrical fiber suspended in the 
air and a fiber squeezed between 2mm-thick di- 
amonds! The answer lies in the Schwarzchild 
design?® of the Cassegrainian microscope ob- 
jective and condenser. This design has the 
nice feature that as the separation between 
the nearly concentric mirrors is decreased, 
the spherical aberration introduced by the 


specimen or support is compensated for (Fig. 
4). The chromatic aberration unfortunately 
remains, so it is still a good idea not to use 
thick or high-index specimen supports. 


Conelustions 


The engineering aspects of the modern in- 
frared microscope/spectrometer have been re- 
viewed so that the reader may understand the 
apparatus and use its full potential. Redun- 
dant Aperturing and Sample Compensation 
(both are trade names of Spectra-Tech, Inic.) 
combine to improve the spatial-resolution ca- 
pabilities of the infrared microscope to the 
point where the wavelength of light and the 
numerical aperture of the system are truly the 
limiters of further gain. Infrared microspec- 
troscopy now stands as the best choice for 
identification of small amounts of organic ma- 
terials, and for the measurement of, or corre- 
lation with, a number of their physical prop- 
erties such as dichroic ratio or physical 
strength, 


REFLECTED UGHT EYEPIECES 
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FIG. 1.--Generalized schematic layout of re- 
dundantly apertured IR microscope/spectrometer 
operating in transmission mode. All surfaces 
in IR beam path are reflecting surfaces. Ob- 
jective and condenser are Schwarzchild-config- 
uration Cassegrainian microscope objectives. 
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FIG. 2.--Demonstration of importance of second 
aperture toward spatial purity in IR micro- 
spectroscopic measurement. Acrylic fibers are 
embedded in acrylic resin and cross sectioned. 
Fiber exhibits strong vcy absorption band, ab- 
sent in embedding medium. (a) No aperturing, 
beautiful spectrum, but weakness of vcn band 
shows spectrum to be predominantly that of em- 
bedding medium. (b) Fiber is singly apertured 
(fiber only visible to eyepiece) and cyanate 
band is much stronger. (c) Redundantly aper- 
tured spectrum shows this band to be even 
stronger relative to CH-stretching region, 
which confirms that singly apertured case had 
greater contribution from embedding medium. 
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FIG. 3,.--Energy distribution at detector for 
single high-contrast edge in singly apertured 
microscope. Also shown: energy distribution 
at detector for two high-contrast aperture 
blades in remote image planes of specimen (re- 
dundantly apertured microscope). 
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FIG. 4.--Best focus image of 1mm round aper- 
ture at lower-aperture position of redundantly 
apertured microscope, which equates to 100um 
image at specimen plane; 2mm-thick barium 
fluoride window is inserted at specimen plane. 
top, image of aperture before correction of 
condenser for spherical aberration introduced 
by window; below, after adjustment of separa- 
tion between the two spherical mirrors in con- 
denser assembly (sample compensation). 
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COMPOSITIONAL MAPPING WITH THE USE OF FUNCTIONAL GROUP IMAGES 
OBTAINED BY INFRARED MICROPROBE SPECTROSCOPY 


M. A. Harthcock and S. C. Atkin 


The use of optical microprobe spectroscopies 
to map the composition of various materials 
has recently become the attention of several 
research efforts.?~° For example, the use of 
spatially resolved Raman spectroscopy (Raman 
microprobe) has been the topic of numerous pa- 
pers.°"® Recently, surface-enhanced Raman 
spectroscopic (SERS) techniques have been used 
to obtain a compositional map (image) of aque- 
ous pyridine on a silver surface by use of the 
scattering intensity at a particular Raman 
shift.+ "Traditional" Raman microprobe tech- 
niques have been used to study spatially re- 
solved areas of a material to as small as 1 
um.® Recently, infrared microprobe (infrared 
microspectroscopy, micro-IR, etc.} has begun 
to grow in application largely due to the ad- 
vantages offered by Fourier transform infrared 
technology over conventional dispersive tech- 
niques. ?~ 

We have used the advantages of Fourier 
transform infrared microprobe spectroscopy of 
spatial resolution to 10-20 um, high energy 
thoughput, and frequency accuracy coupled with 
spatial mapping (as small as 10 um) to allow 
compositional mapping of materials. The com- 
positional mapping is accomplished by images 
(one- or two-dimensions) based on functional 
group absorption intensities. This paper de- 
scribes the technique and gives an example 
demonstrating the technique's capabilities. 


Funettonal Group Imaging Instrumentation and 
Data Analysts 


Figure 1 presents a schematic of the appa- 
ratus used for obtaining infrared (IR) spectra 
at specific x and y spatial dimensions. A 
Digilab FTS-50 Fourier transform IR spectro- 
photometer and 3200 data station were used for 
recording the IR spectra. A Digilab universal 
microscope accessory equipped with a motorized 
two-dimensional sample stage was coupled with 
the spectrophotometer for the microprobe work. 
The motorized stage was controlled by the 3200 
data station, which synchronized the movement 
of the stage and collection of the IR spectra. 

Once the IR spectra have been collected, 
they are transferred to a personal computer 
(in our case an IBM PC AT or similar computer) 
for reduction of the mapping data. The per- 
sonal computer was interfaced with the 3200 
data collection system, which is a multiuser 
system, so that data transfer and collection 
can take place simultaneously. 

An array of IR spectra (frequency/intensity 
data), each with a specific x and y value, is 
then reduced to a single array containing the 
x position, y position, and the absorption in- 
tensity of a vibrational motion that occurs at 
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a specific frequency. The intensity (absorb- 
ance, percent transmittance, relative band in- 
tensity, etc.), is a function of several ex- 
perimental variables, as defined below, 


I= I[e(¥), Clay,ay,b), r(R,L), D(sx,Sy)] 


where I is the intensity 

e is the absorptivity coefficient (a func- 
tion of %, the frequency of absorption) 

C is the concentration (a function of a,, 
the aperture dimension in the x direction; 
ay, the aperture dimension in the y direction; 
and b, the path length; these three variables 
define the volume or absorption cross section 
from which the infrared spectra are obtained). 

r is the increment range for contours in 
the constructed image and defined as R/L, 
where R is the range of the appropriate inten- 
sity values for the map (R is the absolute 
value of the difference between the maximum 
and minimum intensity values, and L is the 
total number of contour levels that are used 
in the representation of the image, a variable 
of most significance when the data from a 
false color image are being interpreted). 

D represents the step sizes in the map and 
is a function of sx, the step size in the x 
direction; and Sy> the step size in the y 
direction. 


The D parameter influences the effective 
enhancement possible in spatial resolution for 
which specific IR spectra can be obtained. 

The data (a function of the above variables) 
are then used to produce the image and hence 
the compositional map of a material. 


An Appltcatton of a Funettonal Group Image for 
Compostttonal Mapping. 


As in other imaging techniques, use of a 
given IR absorption frequency to view a mater- 
ial can have many profound effects. For exam- 
ple, optical and. electron microscopy tech- 
niques by themselves only provide a image that 
is often subject to the interpretation of the 
analyst. Use of a chemical functionality that 
absorbs in the IR spectrum can provide a means 
of producing a compositional map of a material 
that is based on the chemical groups present, 
subject to the condition that in a heterogene- 
ous material the IR absorption due to a specif- 
ic chemical functional group can be resolved 
(or deconvoluted) from that of another group. 
This condition depends on (1) the similarity of 
functional groups representative of the various 
phases in a heterogeneous material, and/or (2) 
the spatial resolution for which the IR spec- 
tra can be obtained. 

Figure 2 shows the optical micrograph of a 
polyethylene film, which shows an area that 
contains a more opaque region than the bulk 
film. From the micrograph it is difficult, if 
not impossible, to observe this region. Thus, 
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in a "standard" IR microprobe experiment, 
where one would record one spectrum of the 
bulk phase and one of the area of interest, it 
would be difficult to distinguish the areas 
visually to accomplish this. Although not im- 
portant to this example, several attempts were 
made to obtain spectra of the above-mentioned 
two areas, with no success in distinguishing 
between the regions. 

A two-dimensional map of the material was 
taken so that a compositional map could be ob- 
tained. The conditions for the map were: (1) 
a 250 x 250um aperture that allowed radiation 
to reach the narrow-band MCT detector, (2) 
250um steps in the x and y direction made when 
the stage was moved to collect the spatially 
specific data, and (3) 32 scans collected at 
8cm7! resolution for signal averaging in ob- 
taining the infrared spectra. 

The two-dimensional map provided data that 
were uniquely representative of the material. 
A variety of functional group images could be 
used for studying the material for chemical 
heterogeneities. Figure 3 shows the results 
of the two-dimensional map based on the abso- 
lute absorbance of a 1735 em? carbonyl 
stretching vibration (the sample thickness was 
0.46 mm). A definite area containing a high 
concentration of carbonyl functionality is de- 
tected. The figure also shows IR spectra rep- 
resentative of the carbonyl containing area 
versus the average surrounding material. From 
the IR spectra in the 2200-700cm™* region sev- 
eral other differences can be detected. Im- 
ages based on absorption bands at 1241 and 
1016 cm7? are shown in Figs. 4 and 5 and are 
very similar to the image based on the carbo- 
nyl stretching absorption. The absorption 
bands are indicative of ester functionalities 
and very similar to absorptions in an ethyl- 
ene/vinyl acetate copolymer or acetate con- 
taining material. The three maps complement 
each other in that essentially the same image 
is obtained by use of vibrational absorptions 
that are associated with the same chemical 
moiety. 

From the images based on vibrational ab- 
sorptions due to an ester group, we see that 
the polyethylene material contains a contami- 
nant that is in some way contributing to the 
increased opaqueness of a region of the film. 
The combined carbonyl-containing areas cover 
approximately 1.5 x 0.75 mm of the film in the 
images shown in Figs. 3-5. This was not the 
size of the opaque area, but the presence of 
this material could affect the crystallinity 
of the bulk polymer, which in turn could re- 
sult in various degrees of opaqueness in the 
polymer. To investigate this possibility two 
additional maps were computed from the spa- 
tially specific spectroscopic data. 

Figures 6 and 7 show the compositional map 
of the sample based on absorptions at 908 cm” 
(vinyl saturation) and 1892 cm! (crystalline 
phase polyethylene band, which is a combina- 
tion band of Raman active fundamental at 1168 
cm™* and the 730/720cm™* IR CH, rocking modes). 
The images have been computed by ratioing the 
absorptions with the 1365cm™+ absorption. 

From the images it appears, based on the sen- 
sitivity of the method, that no differences in 
the crystallinity or vinyl unsaturation compo- 
sition are observed as a function of the spa- 


1 


tial coordinates. 


Conelustons 


The use of IR microprobe techniques has 
been expanded by use of functional group im- 
ages in order to obtain compositional informa- 
tion of a material. The technique offers rep- 
resentative sampling of microscopic materials 
and compositional mapping of heterogeneous 
materials to assist in interpreting microscopy 
data or to serve as a chemical visualization 
technique (within the spatial resolution of 
approximately 3-20 ym). The example discussed 
here has demonstrated the usefulness of the 
technique, whose general utility will prove to 
be valuable because of the wide applicability 
of IR spectroscopy for both qualitative and 
quantitative analysis in such fields as mater- 
ials and biological sciences. The technique 
has two main limitations. First, compared to 
other optical microbeam methods such as Raman 
and fluorescence, the resolution of the IR 
technique is only approximately 3-10 ym versus 
approximately 3500 A for the other methods. 
Second, data collection and reduction can take 
as long as 24-48 h depending on the material 
and the experimental conditions and/or data 
reduction tools necessary for addressing the 
problem. However, we are investigating meth- 
ods to improve the resolution and speed of 
data acquisition for IR microprobe functional 
group imaging. 
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THE EFFECT OF METAL SUBSTRATES ON THE PHOTODEGRADATION OF POLYMER FILMS: 
Aw FTIR STUDY OF Al-BACKED PVF, PAN, AND PET FILMS 


D. M. Smith, W. F. Welch, S. M. Graham, and A, R. Chughtai 


Polymer films are used to protect metallic 
surfaces from exposure to environmental degra- 
dation, but such polymer coatings are them- 
selves subject to degradation. How low-cost 
substrates such as aluminum behave in contact 
with polymers like polyacrylonitrile (PAN), 
polyvinyl fluoride (PVF), and polyethylene 
terephthalate (PET) when exposed to UV radia- 
tion remains to be resolved before these poly- 
mers can be effectively utilized in solar-en- 
ergy applications, 

Photodegradation and photostabilization of 
silver-backed polymers (polyacrylonitrile, 
polycarbonate, and polyethylene terephthalate) 
have been carried out in this laboratory for 
the last several years. The effect of various 
substrates (AL, Cu, Ag, and Au) on the photo- 
degradation of PAN has been recently investi- 
gated.’ Fourier-transform infrared reflec- 
tion-absorption (FTIR-RA) spectroscopy was 
found to be a useful nondestructive technique 
for obtaining information about interfacial 
reactions. 


FTIR Studies of Metalized and Nonmetaltzed 
Polymer Films 


Samples of aluminum-metalized and nonmetal- 
ized Tedlar PVF films (Du Pont}, PAN film 
0.007 in. thick supplied by Mobil Chemical 
Co., N. Y., and PET (American Hoechst Corp.) 
were employed for UV exposure. 

Two separate techniques of exposure were 
employed in this photodegradation work. In 
one, the films were exposed to UV radiation 
with a Melles-Griot WG305 filter outside the 
FTS 14B. The spectra were collected by a 
technique developed in this laboratory,” for 
which no sample preparation is necessary. In 
the second technique, the exposure of the 
films was carried out under similar irradia- 
tion conditions within a reaction chamber 
built for the study of in situ reactions.? 
Here preparation of a sample is required, the 
technique for which is discussed elsewhere.* 

Before placing the Al/poly film sample in- 
to the spectrometer, we mounted it in a reac- 
tion chamber that had been purged for several 
hours. FTIR spectra were collected before and 
after the exposure at Res = 4, NSS = 100, and 
ZEE 2 


Results and Interpretation 


Photodegradatton of Metalized and Nonmetal- 
ised Tedlar PVF Films. Nonmetalized and Al- 
backed Tedlar PVF films were individually ir- 
radiated for 7 h through a WG305 filter; the 
subtraction spectra are shown in Fig. 1. For- 


The authors are at the University of Den- 
ver, Denver, CO 80208. They wish to thank NSF 
for providing funds for the purchase of Digi- 
lab FTS systems (Grant MPS-7506209), for ATM- 
8300524, and the suppliers of the films. 
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FIG. 1.--Subtraction spectra of exposed A1/PVF 
and PVF films from unexposed films. 


mation bands at 1845, 1785, and 1750 cm? are 
observed as a result of the UV exposure. Loss 
of band intensity was noticed at 1140, 890, 
830, 768, and 720 cm ?. The three formation 
bands are due to either C=O or C=CHF function- 
al groups. It is well documented*’® that 
fluorine atoms directly attached to a carbon 
double bond have the effect of shifting the 
C=C stretch to higher frequencies. For exam- 
ple, C-CH absorbs at 1690-1665 cm7?, and 
CF,-CF absorbs at 1800-1665 cm™*>. Also, the 
overtone of the C=C appears at 1850 cm-?, r 
and C=O absorbs IR radiation around 1750 cm?. 
The subtraction spectra of both metalized and 
nonmetalized films show a remarkable similari- 
ty except that in the case of metalized filn, 
the extent of the photodegradation is almost 
doubled. Al backing enhances the photodegra- 
dation of PVF films. 


Photodegradation of AL/PAN Films. In order 
to explore the effect further, another poly- 
mer, polyacrylonitrile, which has been the 
center of investigation in this laboratory for 
the past several years, was chosen. A set of 
PAN and Al/PAN samples were subjected to UV 
irradiation conducted under purge air (con- 
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FIG, 2.--Subtraction spectrum of exposed un- 
backed PAN film. 


trolled oxidative conditions; free of CO, and 
H,0) in the controlled-environment chamber 
fitted in the FTS-14B spectrometer. Under 
purge air, the photodegradation of unbacked 
PAN film is more extensive than for the Al/PAN 
films and of a different nature (Fig. 2). 

In the second set of PAN, Al/PAN films, the 
exposure was conducted under identical condi- 
tions. As seen from Fig. 3, the spectrum of 
the PAN film 0.007 in. thick with Al backing 
yields a very satisfactory subtraction spec- 
trum. Observations of the photodegradation 
spectra for PAN, Al/PAN show that the Al- ; 
backed PAN film suffers less photodegradation 
than the nonmetalized PAN film. (Since the 
quartz retainer prevents external environmen- 
tal contact, the system behaves as in a vacu- 
um. 

third set of PAN, Al/PAN samples was sub- 
jected to the same treatment, except that deg- 
radation was carried out under an atmosphere 
of Nz. The subtraction spectra of these films 
show photodegradation that is similar to (but 
not as great as) under oxidative condi- 


tions. An explanation for such behavior in 
the photodegradation of Al/PAN films, under 
oxidative and nonoxidative conditions, where a 
carbonyl group is observed, is through the 
mechanism published earlier.® 


- CH» -CH~CH -CH- 


CN CN 
\ Al,Q»,hv 


OOH Q 
| ~H20 I 
-CHy -CH-CH-CH- —-> -CH2-CH-C-CH- 
| | 


CN CN CN CN 


Photodegradation of Unbacked and AL/PET 
Films. The subtraction spectra of the film 
after irradiation are shown in Fig. 4. It is 
obvious that the photodegradation of Al/PET 
film is similar to that observed with PVF, 
where Al substrate plays a role in the damage 
of the polymer coating employed for protection. 
The Al/PET film became brittle but no colora- 
tion was observed. 


Conelusion 


The photodegradation of a polymer must in- 
volve the functionalities of the polymer, the 
nature of the substrate metal, and environmen- 
tal and UV exposure conditions. In this study, 
the most suitable polymer for the protection 
of aluminum surfaces is polyacrylonitrile 
(PAN) ; in decreasing order of degradation, 


Al/PVF >> PVF >> AL/PET >> PET >> A1/PAN >> PAN 


This study is being extended to other com- 
monly used substrates such as Cu, Ag, and Au. 
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INFRARED MICROBEAM ANALYSIS 


J. A. Reffner, R. G. Messerschmidt, and J. P. Coates 


Infrared microbeam analysis can be accom- 
plished by the combination of light microscopy 
with Fourier transform infrared (FT-IR) spec- 
troscopy. Infrared spectroscopy provides anal- 
ytical information about the molecular struc- 
ture; light microscopy is used to define the 
microscopic area of the sample being analyzed. 
The microscope for FT-IR microspectroscopy re- 
quires IR transmitting optics, variable field 
apertures, and an optical interface to couple 
it with the FT-IR spectrometer. One can re- 
cord FT-IR spectra of a thin film of material, 
weighing a hundred picograms, by viewing the ob- 
ject and masking the area of the image enter- 
ing the spectrometer. After reviewing the de- 
sign of the IR-PLAN” microscope and the criti- 
cal optical constraints of FT-IR microscopy, 
we demonstrate the microscope's performance 
for IR microbeam analysis by its analytical 
applications. Examples from the biological, 
chemical, forensic, geological materials and 
pharmaceutical sciences demonstrate this tech- 
nology's wide range of applications. 

For organic materials, IR microspectroscopy 
is emerging as the most universal technique 
for microbeam analysis. Of the many reasons 
for it, the four most important are (1) the 
advances in FT-IR spectroscopy, (2) the anal- 
ytical power and extensive data base of IR 
spectroscopy, (3) the availability of a re- 
search microscope with refined reflecting op- 
tical systems for light and IR microscopy, 
and (4) the use of dual remote image plane 
apertures that minimize the sampling size 
while improving the photometric accuracy. As 
the electron beam is a universal reagent for 
elemental analysis, IR microspectrometry is 
for molecular microbeam analysis. 

Because of the advantages of Fourier trans- 
form IR spectrometers, the past decade has 
seen tremendous advances in the speed, sensi- 
tivity and variety of analytical applications 
of IR spectroscopy. The great improvement in 
the signal quality and the increased optical 
throughput are major advantages of FT-IR spec- 
trometry. When these FT-IR advantages were 
combined with the computer's ability to con- 
vert single-beam IR spectral data into back- 
ground-corrected double~beam spectra, the 
uniting of IR spectroscopy with microscopy be- 
came practical. IR microbeam analysis now a 
viable analytical technology. 

IR spectroscopy is used widely for both 
quantitative and qualitative analysis of mo- 
lecular structures. Although the use of IR 
spectral analysis was reported in 1881, its 
applications to chemical analysis were not 
widespread until commercial IR spectrometers 
became available in the early 1940s.? The ap- 
plication of IR spectroscopy for qualitative 
analysis of organic compounds advanced rapidly 


with the discovery of the correlations between 
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absorption spectra and molecular structure .? 
Today this is a mature technology. Several 
large spectral libraries are available for on- 
line computer-based search-match analysis in 
addition to the classical functional group 
frequency analysis. 

The advantages of uniting microscopy and IR 
spectroscopy were reported in 1949, but use 
of single-beam dispersive spectrometers for 
IR microscpectrometry proved impractical. 

With the IR-PLAN” microscope coupled with a 

FT-IR spectrometer, high-quality IR spectra 

are obtainable from microscopic samples in a 
few minutes. This union opens a new dimen- 

sion to IR spectral analysis: IR microbeam 

analysis. 


Experimental 


Microbeam analysis implies the ability to 
analyze small sample volumes and to relate 
these analyses to the sample's morphological 
structure. FT-IR microspectrometry performs 
both functions; it provides a magnified visual 
image and unique information about the sam- 
ple's molecular structure. Samples can be 
solids, liquids, or gases; and no vacuum en- 
vironment is required for its operation. The 
IR-PLAN” combines coaxial visual light and IR 
beam paths. The sample is imaged through a 
15x, 32x, or 100x reflecting objective, and 
it is transilluminated by a 0.71 N.A. reflect- 
ing condenser. These Schwarzschild-type 
lenses are totally reflecting optics, trans- 
mitting visual and IR radiation without chro- 
matic aberration. The primary image is fur- 
ther magnified by glass refracting lenses for 
visual light examination. The IR measuring 
beam is focused on the sample by the objec- 
tive. When spectra are measured, the conden- 
ser lens is the collector and transfers the 
radiation into the IR spectrometer. When re- 
flection spectra are measured, the objective 
images the IR beam on the sample and collects 
the radiation, transferring it to the spec- 
trometer. The visual image records the sam- 
ple's morphology. 

The area selected for spectral analysis is 
defined by two apertures, one in the primary 
image plane and the second in the condenser 
field stop. This combination of apertures, 
Redundant Aperturing”, defines the area that 
is illuminated and limits the radiation 
passed to the spectrometer to the selected 
area. Variable slit apertures are used for 
most analyses. Figure 1 shows a sample of a 
nonwoven, print-bonded textile material. 
Figure 2 shows an area of adhesive masked off 
to represent the sampling area for spectral 
analysis. The spectrum of this adhesive is 
shown in Fig. 3. 

At present the practical limit of spatial 
resolution is about 10 um. Better stated, an 
area of 100 um? is needed to obtain enough 
signal for IR spectral analysis. Although 
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PIG. 1.--Light micrograph of fibers and adhe- 


Sive from print-bonded nonwoven textile. 
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FIG. 3.--Infrared absorption spectrum of ad- 
hesive from nonwoven textile. 
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FIG, 2.--Same sample as shown in Fig. 1 with 
shaded area representing masked-off field; un- 
shaded area is sample selected for spectral 
analysis. 
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FIG. 5.--IR spectrum obtained from a 0.1lum- 


thick film of vinyl acetate polymer with sam- 
pling area of 1000um?. 
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FIG. 4.--Relationship between sample weight 
and sampling area for lum-thick sample of unit 
density. Shaded area is practical operating 
range for FT-IR microspectrometry. 


this resolution is low by analytical electron 
microscopy standards, the spectral information 
provides unique analytical data on systems 
that cannot be studied by electron microscopy. 
Polymeric laminates and bicomponent fibers are 
two examples of complex organic systems di- 
rectly analyzed by IR microspectrometry. 

What is the detection limit of IR spectrom- 
etry on a weight basis? That is not easily 
defined since the detection limit is sample 
dependent. Figure 4 shows the relationship of 
sample weight to sample area for a lym-thick, 
unit-density material. The shaded area repre- 
sents a practical operating range for organic 
materials with current IR microspectrometry 
instrumentation in the mid-IR region. Shown 
in Fig. 5 is the spectrum of a 0.lyum-thick 
film of a vinyl acetate polymer from a 1000um? 
area, collected in less than 5 min. There are 
only 100 pg of polymer in this sampling volume. 
Since this polymer film extends beyond the 
boundaries of the remote apertures, diffrac- 
tion effects would be expected to increase the 
area of this sample exposed to the IR beam. 
However, this spectrum clearly demonstrates 
the subnanogram detection capabilities of IR 
microspectrometry. 


Applicattons 


The applications of IR microspectrometry 
are only emerging, but they appear to extend 
thoughout the chemical, materials, and biolog- 
ical sciences. Only two specific examples are 
presented here, both analyses of polymeric ma- 
terials. 


Fiber Analysts. With FT-IR microspectrome- 
try, the identification of fibers and the mea- 
surement of their fundamental spectroscopic 
parameters is a routine operation. The advan- 
tage of IR microbeam analysis is exemplified 
by the analysis of bicomponent fibers. Bicom- 
ponent fibers are formed when two polymeric 
formulations are extruded simultaneously 
through the same jet or spinneret orifice. 
These fibers may consist of two formulations 
of the same polymer or two different polymer 
systems. Basically, bicomponent fibers have a 
laminated structure that can be resolved and 
analyzed directly by IR microbeam analysis. 
Figure 6 is a micrograph of Orlon® 21, a bicom- 
ponent acrylic fiber. This bilobal fiber has 
minor differences in the pigment loading and 
refractive index of each lobe, which suggests 
that there are composition differences. Mor- 
phology and optical properties can distinguish 
this fiber from other acrylic fibers, but mi- 
coroscopy alone cannot identify the different 
polymers in this bicomponent fiber. The in- 
frared spectrum of each lobe is presented in 
Figs. 7 and 8. The sharp band at 2230 cm™?, 
the "fingerprint'' regions of these spectra, 
reveal the minor different polymer composition 
of each lobe. 

The conventional IR techniques for fiber 
identification*® cannot detect the microstruc- 
tural form of a bicomponent fiber. Grinding 
fibers to form KBr pellets, dissolving fibers 
and casting films from the solution, or IR re- 
flection technqiues destroy the fiber's micro- 
structure. Only when microscopy is combined 
with spectroscopy can a complete analysis be 


made. 


Polymeric Laminates. Polymeric laminated 
structures are found in both "high-tech" mod- 
ern photographic materials and the lowly 
trash bag, an indication of the increased use 
that plastic laminates are finding in today's 
world. Analysis and quality control of these 
laminates dictates the need to insure that 
the correct layers are present in the proper 
sequence and that there are no defects or con- 
taminants. Modern laminates can have several 
layers, and adhesives are often used to bond 
the layers together. Chemical separation or 
physically peeling layers can be complex, in- 
complete, and impractical. FT-IR microspec- 
trometry provides a direct solution to this 
analytical problem. After the preparation of 
laminate cross sections by conventioanl mi- 
crotomy, the IR spectral analysis of each 
layer becomes trivial with the IR-PLAN™ inter- 
faced to an FT-IR spectrometer. Each layer's 
infrared spectrum is recorded after it is op- 
tically isolated with the microscope's vari- 
able apertures. This procedure reduces an in- 
tractable analytical separations problem into 
a simple, direct examination. 

Figure 9 is a micrograph of a laminate 
cross section showing a three-layered, adhe- 
sively bonded laminate, which provides five 
definable layers. Figure 10 shows the IR 
spectra of each layer of this laminate, poly- 
mers and adhesive, botained directly with the 
IR-PLAN”. These spectra show that each phase 
was completely isolated "spectroscopically 
Pure" by the Redunadant Aperturing™ system 
(dual remote apertures). Even the spectra of 
the adhesive layers, which in this case were 
found to be the same material in both layers 
(an EVA, and ethylene-vinyl acetate copoly- 
mer), were isolated and recorded. 


Coneluston 


FT-IR microspectroscopy has been demon- 
strated to be a viable microbeam analytical 
technique. It is possible to isolate optical- 
ly microscopic areas within complex morpho- 
logical structures by remote focal plane ap- 
erturing, and to perform spectrochemical anal- 
ysis of the material in these areas by FT-IR 
spectroscopy. Because IR spectroscopy pro- 
vides information about the molecular struc- 
ture, IR microspectrometry is a valuable ad- 
dition to microbeam analysis. 
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FIG. 6.--Light micrograph of fibers of Orlon® 
21, a bicomponent acrylic fiber. 
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FIG, 7.--IR spectrum of lobe A of bicomponent 
fiber shown in Fig. 6. 
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FIG. 9.--Light micrograph of thin cross sec- 
tion of multilayered plastic laminate. Layer 
A is polystyrene; B, polyvinylidine; C, poly- 
ethylene; D, ethylvinylacetate. 
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FIG. 8.--IR spectrum of lobe B of bicomponent 
fiber shown in Fig. 6. 
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FIG. 10.--Infrared spectra of four polymers 
found in the laminate of Fig. 9. 
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APPLICATIONS QF FTIR MICROSCOPY IN POLYMER ANALYSIS 


J. P. Beauchaine and R. J. Rosenthal 
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Infrared spectroscopy is a common method of 
polymer analysis. Typically, bulk or surface 
properties are determined by transmission or 
reflectance techniques. Often more detailed 
information is desired, such as the nature of 
small imperfections ("fish-eyes"), the compo- 
sition of laminates, or the bonding at inter- 
faces. Traditional methods of infrared analy- 
sis are incapable of providing this type of 
data. 

The combination of Fourier transform infra- 
red (FTIR) spectroscopy and microscopy now 
permits the investigator to obtain this type 
of information routinely. A most important 
part of this technique is that many of the at- 
tributes of visible microscopy can be em- 
ployed. Investigators have polarization and 
aperturing techniques at their disposal to de- 
fine the area of investigation precisely. 
Permanent records via micrographs are possi- 
ble. Scientists are no longer limited to con- 
firming a defect or layer only visually, but 
can provide identification spectrally. 


Experimental 


A Nicolet 5SXC FTIR interfaced to a Nicolet 
IR Plan microscope was employed in these in- 
vestigations. The microscope was equipped 
with a high-sensitivity MCT detector. Each 
measurement typically consisted of a lmin scan 
at 6 wavenumber resolution. The unique redun- 
dant aperture system was used in all cases. 
Typically, the polymer film was microtomed and 
mounted on a potassium bromide window. This 
sample was then placed onto the microscopic 
stage. Library search results were obtained 
by search of the 2000-element Nicolet Hummel 
Polymer Library. 


Discusston 


In laminates, properties such as permeabil- 
ity, strength, chemical resistance, and light 
transmission of a polymer can be controlled by 
proper choice of component layers. The pri- 
mary interest here is the composition of a 
complex, three-layer laminate. The microtomed 
film was examined under crosspolarized light 
as an aid to distinguishing the boundary ar- 
eas. Aperturing each layer in succession pro- 
vided the spectra in Figs. 1-3. The best li- 
brary search result is shown on the top por- 
tion of Figs. 4-6. Two of the layers were 
positively identified. 

Figure 7 shows the spectral overtone fea- 
tures of the outer polymer layer from 6000 to 
700 cm™?. 

The 30-micron layer polymer spectrum 
(Fig. 2) suggests that this material is a com- 
bination of two or more compounds. By search 
of the spectra outside of the CH stretch and 
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CH bend regions, the best match from the Nico- 
let/Hummel library is shown to be disodium 
hydrogen phosphate, NasHPOy (Fig. 5). 

The free hydroxyl band at 3642 cm™* sug- 
gests that when disodium hydrogen phosphate is 
in low concentration and surrounded by a ma- 
trix of polypropylene, there is essentially no 
hydrogen bonding. 

Figure 8 shows the best five search results 
for the 30um layer. Layers as thin as 8 um 
can be measured and identified, well below 
what many have thought possible. 


Coneluston 


The infrared microscope shows itself to be 
a valuable tool in polymer analysis. The sci- 
entist can provide information on many aspects 
of polymer design and fabrication. This de- 
velopment represents a major innovation in 
problem solving. 
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APPLICATIONS OF FTIR MICROSCOPY IN FORENSIC ANALYSIS 


J. P. Beauchaine, K. D. Kempfert, M. P. Fuller, and R. J. Rosenthal 


Forensic analysis is an area of challenge and 
importance.’ The analysis of small, often 
minute samples taxes scientist and instrumenta- 
tion alike. Materials collected from crime 
scenes nearly always require special handling. 
The forensic scientist must provide identifi- 
cations and evaluations based on spectroscopic 
methods that will be upheld in courts of 

law.? 

Confirmation of the identity or genesis of 
a powder, liquid, fiber, or chip of paint is 
required which is nondestructive. The analy- 
sis of such materials by infrared spectroscopy 
provides a unique signature for a given sam- 
ple. Such spectra can be searched against a 
database and matched to known reference spec- 
tra. Powdered materials are particularly dif- 
ficult. Ordinarily, a sample would be mixed 
in a diluent of KBr or mulled in Nujol for in- 
frared analysis. Adequate data could be ob- 
tained, but valuable evidence would be lost in 
the sampling process. Fourier transform in- 
frared (FTIR) spectrometers, with their sig- 
nal-averaging capability combined with the 
sampling capabilities of an infrared micro- 
scope, permit investigations of these types of 
samples. 

Optical microscopes have been employed for 
some time in the assessment of materials such 
as fibers, bullets, and paints. Advantage can 
be taken of polarization and other enhance- 
ments in distinguishing among different com- 
ponents of a powdered mixture or a complex 
substance. Microscopy provides permanent rec- 
ords in the form of micrographs. 


Experimental 


A Nicolet 5SXC FTIR interfaced to a Nicolet 
IR Plan microscope was employed in these in- 
vestigations. The microscope was equipped 
with a high-sensitivity MCT detector. Each 
measurement typically consisted of sixty-four 
co-added scans at four-wavenumber resolution. 
The unique redundant-aperture system was used 
in all cases. Typically, the unknown powder 
was spread onto an infrared transparent window 
of potassium bromide and this assembly was 
mounted on the microscope. No further sample 
preparation was required. 


Discusston 


The combination of a visible microscope and 
infrared microscope allows the forensic scien- 
tist to provide positive identifications on 
amounts of material as small as a single crys- 
tal. This feature is noteworthy as most il- 
licit street drugs are not pure substances. 
The optical characteristics of the microscope 
and polarization techniques are used for quick 
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and accurate identification of various crys- 
talline forms. 

After components of a mixture have been 
visually examined, the aperturing system can 
be used to obtain an infrared spectrum of each 
constituent, a procedure that obviates time- 
intensive physical separation. The spectrum 
presented in Fig. 1 is that of a street sample 
of a white powder. Under normal illumination 
the sample appears homogeneous. Under polar- 
ized conditions the several components readily 
become apparent. Figure 2 shows the spectrum 
of the diluent or cutting agent, inositol, ob- 
tained from a single crystal. The library 
search data are shown in Fig. 3. The other 
visually identified component, whose spectrum 
is shown in Fig. 4, is the illicit street drug 
cocaine. The library search data are shown in 
Fig. 5. The drug was identified by comparison 
to the database reference spectrum. Again, 
database searching provides positive identifi- 
cation. A particularly important aspect of 
the preceding argument is that single crystals 
of materials are often too thick in the infra- 
red and result in totally absorbing absorption 
bands, which unfortunately renders large por- 
tions of the data useless. The infrared mi- 
croscope aperture system can be used to define 
edge areas (thinner portions) of a crystal for 
investigation and thus affords excellent data. 
This technique also requires limited sample 
preparation. Z 

In another case, a powdery residue was pre- 
sented for analysis. There was insufficient 
sample for most forms of infrared identifica- 
tion. IR microscopy permitted the positive 
identification of a single 20 x I5um speck 
(Fig. 6) as PCP*hydrochloride [1-(i-phenyl- 
cyclohexyl)piperdine]. This type of sample, a 
salt, can be troublesome when analyzed by tra- 
ditional techniques. This is a very critical 
aspect in conventional analysis of typical 
street drugs: the salt form is identified, 
followed by extraction of the sample to sepa- 
rate excipient and drug, which irreversibly 
changes the sample. The technique employed 
here allows the drug and diluents in their 
original form to be identified in a nondestruc- 
ive manner. 


Cone Luston 


The ease of use and the high quality of data 
obtained recommend this method for routine use 
in the forensic laboratory. The infrared mi- 
croscope lessens sample handling, both in 
preparation and analysis time. The excellent 
quality of data and the identification pos- 
sible with the FTIR-microscope combination are 
significant attributes. 
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RAMAN MICROPROBE AND FOURIER TRANSFORM-INFRARED MICROSAMPLING STUDIES OF THE MICROSTRUCTURE OF 
GALLSTONES: II. CALCIUM PHOSPHATE STONE AND FATTY ACID CALCIUM-SALT STONE 


H. Ishida, Y. Ozaki, R. Kamoto, A. Ishitani, K. Iriyama, I. Takagi, 
E. Tsukie, K. Shibata, F. Ishihara, and H. Kameda 


The mechanism of gallstone formation is not al- 
ways fully understood, although the classifica- 
tion of gallstones has been fairly well estab- 
lished.* Gallstones often consist of many com- 
ponents and show complicated microstructure re- 
sulting from their formation history. Identi- 
fication of the constituents of a gallstone is 
very important for understanding of the mecha- 
nism of gallstone formation. Various physico- 
chemical techniques such as gas chromatography, 
x-ray diffraction, and IR spectroscopy have 
been extensively applied for the analysis of 
gallstone structure. Those techniques have in~ 
dividual advantages, but none of them is per- 
fect for the above purpose. We have recently 
introduced the Raman microprobe method for the 
studies of microstructure of gallstones,? and 
Zheng and Tu® have studied a bilirubin type 
gallstone by using a conventional Raman spec- 
trometer. Raman spectroscopy has the following 
advantages for gallstone research (i) it is a 
nondestructive analytical tool; (11) it pro- 
vides structural information; (iii) sample 
preparation is very easy. Besides these advan- 
tages, the Raman microprobe technique is poten- 
tially capable of the simultaneous determina- 
tion of chemical identification and distribu- 
tion of gallstone constituents. 

In our previous study three kinds of gall- 
stones (a typical cholesterol gallstone, a pig- 
ment gallstone, and a mixed stone belonging to 
a subgroup of cholesterol gallstone) were in- 
vestigated by laser Raman microprobe and Four- 
Ler transform-infrared (FT-IR) spectroscopy 
combined with a microsampling technique. It 
was demonstrated that the combination of the 
Raman microprobe and FT-IR spectroscopy fur- 
nishes a detailed picture of the microstructure 
of gallstones. In the present investigation we 
have expanded our Raman microprobe and FT-IR 
microsampling study to a calcium phosphate 
stone and a fatty acid calcium-salt stone. The 
observed Raman and IR spectra have revealed 
that the calcium phosphate stone is composed of 
a-Ca3(PO,), and the fatty acid calcium stone 
includes at least two kinds of fatty acid 
salts, bilirubin, and very small amounts of 
cholesterol, 


Experimental 


The gallstones investigated in the present 
study were obtained from human patients at the 
Jikei University Hospital. 

The apparatus used for Raman microprobe 
analysis of gallstones is a MOLE (Instruments 
S.A. Division of Jobin-Yvon). The excitation 
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wavelength employed was 514.5 nm from a Coher- 
ent CR-3 Ar laser. All Raman microprobe meas- 
urements were carried out under dry nitrogren 
flow with the laser power less than a few mil- 
liwatts at the samples. The spot diameter of 
the laser beam was a few microns. The IR 
spectra were recorded by a Bruker IFS-85 FT-IR 
spectrometer equipped with an IR microscope. 


Results and Dtscusston 


The calcium phosphate stone showed a yel- 
lowish white color and consisted of a central 
part and an outer layer. The FT-IR spectra 
were measured for trace amounts of samples 
scraped by the microsampling technique from 
several small areas of the central part and 
the outer layer. The observed spectra were 
almost identical to each other and in good a- 
greement with that of calcium phosphate, * 
which suggests that the stone belonged to the 
pure calcium phosphate type. 

Raman spectroscopy can distinguish clearly 
between two types of crystalline calcium phos- 
phate, a-Ca,(PO,), and 8-Ca,(PO,),; the former 
shows a single intense band at 968 cm? due to 
a PO symmetric stretching mode, and the latter 
gives rise to an intense doublet at 971 and 
948 cm? due to the same mode.* Figure 1 
shows the Raman spectrum measured in situ of 
the outer layer of the calcium phosphate 
stone. A Raman spectrum was also obtained for 
the central part (not shown}. Both spectra 
exhibited an intense band at 965 em charac- 
teristic of a-Ca3;(P0,),., which shows that 
crystalline calcium phosphate included in the 
stone is a-type. Biological calcium phosphate 
often incorporates carbonate. However, the 
recorded spectra did not exhibit the charac- 
teristic bands of carbonate, °’® which suggests 
that the stone is composed of a nearly pure 
phase of a-Ca3 (POx)2. 

The fatty acid calcium-salt stone showed 
very complicated fine structure. IR and Raman 
spectra were measured for five small areas: 
area a, white lump; area b, large white crys- 
tal; area c, white crystal; area d, brown- 
colored area; area d-1, small white particle 
included in area d. Figure 2 compares the IR 
spectra of area a and area b. The spectrum of 
area b is in good agreement with that of cai- 
cium palmitate reported by Henichart et al.” 
Its vibrational assignment is as follows: 
two sharp peaks at 2920 and 2850 cm™*, anti- 
symmetric and symmetric stretching modes of 
methylene group; two intense bands at 1580 
and 1542 cm”, asymmetric stretching mode of 
calcium carboxylate; an intermediate band at 
1472 em-?, bending mode characteristic of a 
long methylene chain; two weak bands at 1440 
and 1425 cm™!, symmetric stretching modes of 
calcium carboxylate. The IR spectra of area c 
and d-1 are also in good agreement with that 
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FIG. 1.--Raman spectrum of outer layer of calcium phosphate stone measured by laser Raman 
microprobe. 
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FIG. 2.--Infrared spectra of areas a and b of fatty acid calcium stone obtained by FT-IR 
microscope. 
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of calcium palmitate. Therefore, it can be 
concluded that the stone includes large 
amounts of calcium palmitate. The IR spectrum 
of area a is somewhat different from that of 
area b (Fig. 2), although the former also has 
characteristics of metal salt of a fatty acid. 
This observation reveals that the stone con- 
tains not only calcium palmitate but also other 
metal salt of a fatty acid. The identification 
of the metal salt is now under investigation. 

Laser Raman microprobe measurement has pro- 
vided further information about area c. Figure 
3 shows the Raman spectrum measured-in situ of 
a white transparent crystal included in area c. 
The size of the crystal was ca 10 um. The 
spectrum in Figure 3 is very similar to that of 
cholesterol reported by Zheng and Tu,? which 
suggests that the crystal is composed of 
cholesterol. 

The IR spectrum of area d has an appearance 
typical of a bilirubin spectrum (not 
shown)*??*’observed bands at 3410 and 1705 
cm™* were assigned to OH and C=O stretching 
modes of the acid form of bilirubin, respec- 
tively; whereas bands at 1175, 1105, 1050, and 
995 cm™* were due to its calcium salt. This 
observation has revealed coexistence of the 
acid form and the calcium salt. 

The present study, together with our previ- 
ous study has demonstrated that the combined 
Raman microprobe-FT-IR microscope method is 
very powerful for studying the microstructure 
of various gallstones. 
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4C. Optical Spectroscopy: 


Micro-Raman Fluorescence 


MICROSPECTROFLUOROMETRIC STUDY OF CELL STRUCTURE AND FUNCTION 


Elli Kohen, J. G. Hirschberg, Marek Fried, Cahide Kohen, René Santus, J. P. Reyftmann, 
Patrice Morliére, D. 0. Schachtschabel, W. F. Mangel, B. L. Shapiro, and Jeffrey Prince 


If the tremendous progress in molecular biolo- 
gy and genetic manipulation of the prokaryotes 
and eukaryotes is to be placed in the actual 
context of the intact living cell, one will 
require a commensurate understanding of the 
metabolic control mechanisms involved.? Re- 
cently there has been a concern that many ar- 
eas of biotechnology are directly concerned 
with the study or engineering of cells capable 
of mass producing metabolites for a certain 
desired use or application: yet the methods 
applied must remain semi-empirical unless the 
control of biochemical mechanisms in the "“pro- 
ducer'' organism are fully understood. There 
is an obvious need for knowledge of the exact 
way in which living cells control the flux of 
substrates through metabolic pathways of in- 
terest. A typical example is the search for a 
more effective way to circumvent normal meta- 
bolic controls which will lead ultimately to 
the maximum production of a particular metab- 
olite.* The above example illustrates the 
crucial importance of understanding the organ- 
ization of cell metabolism??? at the single- 
cell level. 

In the late summer of 1985 our plans to un- 
ravel the spatiotemporal organization of cell 
metabolism were reviewed in considerable de- 
tail at a NATO Advanced Study Workshop in 
Hanstholm, Denmark.* The focus of the meeting 
was on metabolic channeling and compartmenta- 
tion. A consensus definition of metabolic 
channeling was reached according to which "a 
substrate is channeled between two or more en- 
zymes if it is diffusionally constrained from 
the bulk phase of the cell." 

In the in situ study of metabolic compart- 
mentation at high structural and temporal res- 
olution the microspectrofluorometric method is 
definitely advantageous. It allows, by topo- 
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graphic and spectral probing, a structural and 
functional study of metabolic activity as well 
as organelle interactions throughout the en- 
tire territory of a single living cell. Be- 
yond single cell metabolism,?’? metabolic con- 
trol®*® and cell-to-cell interactions’’® 
throughout a multicellular territory, with 
possibilities of synchronous behavior or local 
metabolic inhomogeneities,’ are now Open to 
study. 


The Microspectrofluorometer 


The microspectrofluorometer itself has been 
described previously.’?? Its key components 
are an inverted microscope with Ploemopak il- 
luminator blocks for epi-illumination of cell 
samples, a high-numerical-aperture, long-work- 
ing-distance phase condenser permitting the 
insertion of microinstruments for cell manipu- 
lations, intermediate optics, and an optical 
multichannel detector (OMA). The apparatus is 
operated in two modes: topographic and spec- 
tral. The linear OMA detector provides topo- 
graphic scanning along a unilinear array of 
adjacent cell regions or spectral scanning 
from a single cell region. A new two-dimen- 
Sional OMA unit allows for a topographic scan 
of a whole cell or simultaneous spectral scans 
from an unilinear strip of adjacent cell re- 
gions, The theoretical number of cell regions 
that can then be scanned simultaneously varies 
from 2 x 512 to 512 x 512, The shortest scan 
time for 512 x 512 resolution elements would 
be about 2s. However, for the average mam- 
malian cell in culture (20 x 15 wm), in order 
to obtain a satisfactory signal-to-noise ra- 
tio, there would be no significant advantage 
in attempting to resolve more than 1200 struc- 
tural elements. 


Spattotemporal Organtaatton of Cell Metabolism 


The NAD(P)ZNAD(P)H reduction-reoxidation 
transients*’**+° obtained in response to mi- 
croinjected bioenergetic substrates (e.g., 
glucose-6-P, 6-phosphogluconate, malate) re- 
veal the metabolic behavior of the cells stud- 
ied (mouse L cells, human fibroblasts, human 
melanoma cells, and liver cells). The ob- 
served metabolic behavior is at the same time 
expressive of the cell's individuality and the 
cell's ability to function reproducibly under 
standardized steady state. in spite of the 
complexity of intracellular multienzyme pro- 
cesses, we can progress beyond the phenomeno- 
logical stage. The cell's metabolic controls 
require an interpretation in the context of 
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activity in fibroblasts pretreated with un- 
coupler)** or metabolic inhomogeneities (e.g., 
coexistence of localized NAD(P) reductive or 
oxidative responses to the same injected sub~ 
strate in various regions of a single cell, or 
in adjacent cells) can be understood, 

The metabolic control theory developed by 
Kacser,°® Burns, and Heinrich and Rapoport® 
provides a rational and quantitative basis for 
the description and interpretation of the 
above processes. It is unrealistic to attempt 
the resolution of intracellular metabolic pro- 
cesses from individual enzyme kinetics. A 
systematic approach is required that can ac- 
count for (1) the share of control attribut- 
able to a change in a single enzyme with all 
other enzymes kept constant; and (2) the 
change in the rate of one "isolated'"' enzyme 
step, when one metabolite level is changed 
while all the other metabolites remain con- 
stant. 

The intact living cell becomes the in Situ 
testing ground for the metabolic control theo- 
ry, which now requires the consideration of 
one more concept: the structural organization 
of metabolic activity in terms or compartmen- 
tation and organelle interactions.°® Using 
drugs active on mitochondrial structure and 
function (dinitrophenol, the antipsoriatic 
anthralin,?*+ rhodamine 123,** porphyrin photo- 
sensitizers,** and the antimelanoma azelaic 
acid?*»+5), it becomes rapidly apparent that 
considerable metabolic upheaval (both mito- 
chondrial and extramitochondrial)} accompanies 
structural alterations of mitochondria. It 
seems that mitochondria maintain a tight con- 
trol on cell metabolism. Unless one of the 
above-cited conditions or ATP traps is used, 
in the cell with well-coupled electron trans- 
port and oxidative phosphorylation, responses 
to injected mitochondrial or extramitochon- 
drial substrates are restricted to local foci 
of metabolic activity. A widespread deregula- 
tion and amplification of mitochondrial and 
extramitochondrial transient NAD(P)H responses 
to injected substrates is observed under con- 
ditions where structural damage of mitochon- 
dria can be demonstrated by use of vital flu- 
orescent probes such as dimethylaminostryrl- 
methylpyridinium-iodine’® and rhodamine 123+” 
(Fig. la}. Culture up to one week in the 
presence of azelaic acid leads to considerable 
degeneration of mitochondria (Figs. 1b and c) 
If such mitochondria are then stained with 
rhodamine 123, the fluorochrome is soon re- 
trieved in the lysosomes due to autodigestion 
of degenerated mitochondria. 

A puzzling aspect is the localization in 
fibroblasts and human melanoma cells of the 
metabolic response to injected 6-phosphoglu- 
conate and malate at the level of the nucleus. 
The possibility that the response is in supra- 
or infranuclear areas seems less plausible in 
view of the lack of response in juxtanuclear 
regions of the cytoplasm, although metabolic 
activity in the nuclear membrane or perinu- 
clear energy metabolism,+?’!® correlated to 
nucleic acid synthesis, remains open. Upon 
imposition of a functional load to the cell, 
e.g., xenobiotic (carcinogens, barbiturate) 
detoxification, a generalized extramitochon- 
drial (and mitochondrial) response to the same 
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substrate is observed, possibly of the kind 
that may be of interest to the biotechnologist 
in gaining a way to circumventing metabolic 
controls. 

The NAD(P) reduction and reoxidation rate 
constants can be used as sensitive monitors of 
reductive and oxidative flux, in the presence 
of agents added, as described above to the 
cell environment or following injections of 
allosteric modifiers, as well as various sub- 
strate or modified ratios that can alter the 
cell's oxidation or phosphorylation potential. 
The fine tuning of reductive and oxidative 
fluxes under such circumstances can help to 
unravel, discrete metabolic differences. An 
application has been initiated to identify 
metabolic characteristics of normal vs cystic 
fibrosis (CF) fibroblasts. First studies sug- 
gest a possible deregulation of mitochondria 
in CF cells,?? which may be easier to destab- 
ilize in the presence of mitochondria active 
drugs. 


' Studies in Lysosomes 


New fluorogenic probes such as rhodamine 
bipeptides*® can be used to probe lysosomal 
hydrolases and lysosomal membrane stability. 
Porphyrin-loaded, low-density lipid LD. 
used for intracellular internalization and 
lysosomal targeting of protoporphyrin or pho- 
tofrin 2. Upon irradiation at 365 or 436 nn, 
triplet-triplet energy transfer from the 
porphyrin to molecular oxygen triggers the 
following reaction chain??»23; formation of 
singlet oxygen > lipid peroxidation + rupture 
of lysosomal membranes + release of hydro- 
lases + splitting of rhodamine probe > rhoda- 
mine emission as a result of hydrolase action. 


Peroxidative Processes 


Porphyrin sensitization also results in 
formation of a lipid peroxidation end product, 
malonaldehyde, which then interacts with 
amines or amino groups to yield blue fluores- 
cent Schiff bases.?*~?* Higher accumulation of 
such pigment in late passage fibroblasts can 
represent an expression of cellular senes- 
cence. Since the same Schiff bases are known 
to be deposited spontaneously in quiescent or 
senescent cells, their accumulation at a much 
faster rate in photosensitized cells seems to 
indicate a kind of accelerated "photo-aging.'t 
The accumulation of Schiff bases is strikingly 
prevented in the presence of 10mM glutathione 
(Fig. 2), a known scavenger of oxidizing 
equivalents. 


Detoxtificatton of Xenobtottiecs 


In the same way that recent models of in- 
tracellular enzyme organization suggest the 
possibility of transient multienzyme or en- 
zyme-membrane complexes, we have recently ob- 
tained possible indications that under circum- 
stances requiring such activity (e.g., detoxi- 
fication processes) transient multienzyme com- 
plexes are also formed.”* In cells incubated 
from 1 h to several days in the presence of 
quinacrine or benzo(a)pyrene, the high resolu- 
tion of fluorescence microscopy permits the 
identification of these molecules within lyso- 
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RISE OF SCHIFF BASES [485nnq 


FiG. 1.--(a) Human fibroblasts stained 
with vital fluorescent probe of mito- 
chondria in situ, rhodamine 123 (10 ug/ml 
for i5 min and then washed). Mitochondria 
are long and filamentous, with slightly 
coiled worm-like appearance. Fibroblasts 
obtained from B. L. Shapiro, University 
of Minnesota (Department of Oral Biology). 
(b) Same fibroblasts maintained 3 days in 
presence of 30 mM azelaic acid in Eagle's 
MEM medium with 10% calf serum. Several 
mitochondria are still filamentous but 
there is some structural damage (apparent 
fragmentation and clumping, and bead-like 
forms, also described for human fibro- 
blasts treated by cyanide by Goldstein 
et al., J. Cell Biol. 91: 392, 1981). 
(c) Same as (b}) but after 7 days. Mito- 
chondrial damage has considerably pro- 
gressed, with near total disruption of 
filamentous form. Rhodamine 123 is now 
partly retrieved within lysosome-like 
cytoplasmic granules. 

Experiment numbers: (a) 52-8, (b) 
142-18d, (c) 143-20d. 


FIG. 2.--Kinetic curves (time plots) of 
human fibroblast fluorescence recorded at 
485 nm show the protective effect of 10 
mM reduced glutathione (GSH) from photo- 
sensitized lipid peroxidation. Abscissa 
= time; ordinate = fluorescence intensity 
(counts). Fibroblasts preincubated with 
0.01% hematoporphyrin were irradiated at 
365 nm in presence and absence of GSH. 
Under these conditions fluorescence due 
to cell's coenzyme fluorochromes 
(NAD(P)H) is contained in initial base- 
line left of curves. Since no substrates 
or metabolic intermediates are added to 
cell medium or microinjected into fibro- 
blasts, fluorescence increase observed 
during photosensitization is not due to 
NAD(P)H but to iminopropenes (Schiff 
bases), as is further demonstrated by re- 
cording of fluorescence spectrum, which 
shows rise of fluorescence observed in 
kinetic curves to be accompanied by shift 
of emission maximum toward longer wave- 
lengths than characteristic spectra of 
NAD(P)H emission. Fluorescence spectrum 
of cell thus changes under photosensiti- 
zation from typical NAD(P)H pattern to 
Schiff-base pattern. Accumulation of 
Schiff bases proceeds much slower and 
reaches much lower plateau in presence 

of GSH than in untreated fibroblasts. 


2 
2 
a 
a 
a 
a 
3 


ECR 


gl 
8 
FA 
g 
Pi 
4 
3 


somes and also a paranuclear multichannel net- 
work (Fig. 3). There is some evidence for 
transient association of different organelles 
including lysosomes, endoplasmic reticulum 
(ER), Golgi apparatus, and nuclear membrane 
into a "multiorganelle deotixifcation com- 
plex," 

Very recently an attempt has been initiated 
to identify further the multichannel struc- 
tures observed by fluorescence microscopy with 
ultrastructural studies by electron microscopy. 
Fibroblasts in culture were incubated with a 
molecule which is fluorescent and electron- 
opaque at the same time (e.g., methidiumpropyl- 
EDTA-Fe*+).2° High-magnification electron mi- 
croscopy studies are in progress to determine 
whether the channels observed in fluorescence 
studies can be visualized as electron opaque 
areas in unstained preparations. 

Fluorescence-emission spectra recorded from 
various sites of the suspected multiorganelle 
complex reveal blue or red shifts that might 
correspond to various metabolites, detoxifica- 
tion products or intracellular interactions of 
the xenobiotics. The spectra obtained at 
these sites could represent sum spectra of 
various fluorochromes. The emission spectra 
were therefore recorded at several excitation 
wavelengths,*” since in this case multivariate 
statistical methods*®~*° can be used to ana- 
lyze the data. The large set of individual 
measurements can be arranged into an emission- 
excitation matrix, which makes it possible to 
apply algebraic methods with simple computer 
implementations. If the concentrations of the 
fluorochromes are low, the recorded spectra 
can be represented as sum spectra of the spe- 
cies present, and the number of these species 
is equal to the "essential"! rank of the data 
matrix. The estimate of this rank is obtained 
by statistical methods that employ eigenanaly- 
sis of the covariance matrix formed from the 
experimental data matrix. Successive low-rank 
approximations are then constructed and the 
distribution of the elements of the data ma- 
trix is compared with those of the approxima- 
tions, with chi-square statistics used as the 
criterion for the goodness-of-fit. From 1 to 
3 components have been identified by the ma- 
trix approach in cells incubated with ben- 
zo(a)pyrene from minutes to several days. 
However, further studies are required (e.g., 
comparison with spectra of individual metabo- 
lites in mixtures of different proportions) 
before actual knowledge of component spectra 
is possible. 


Conelustons 


Microspectrofluorometry permits a struc- 
tural and functional mapping of living cells 
(Fig. 4). Studies of the spatiotemporal or- 
ganization of cell metabolism are not only es- 
sential to the development of an in situ bio- 
chemistry, they are also crucial to progress 
in cellular pharmacology and pathology. The 
strength of the method resides in its ability 
to detect, within a living cell (where the mi- 
croarchitecture is in a state of perpetual 
flux), rapid transient processes expressive of 
the metabolic controls in operation. 
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FIG. 3.--(a) Human fibroblast incubated with 2.8 x 10 M quinacrine for 2 h, then washed. Fluro- 
chrome is observed within lysosomes and extensive paranuclear multichannel network. (b) As above 
fluorochrome is found within lysosomes and network of thin meandering channels. Some channels 


seem to establish connections with lysosome-like vesicles. Experiments: 118-7; b) 118-34a, 
FIG. 4.--Fluorescence mapping of metabolic activity aie i @) gore WP) green 


and organelle functions in fibroblast, showing va- ee Wen peers A. Bzipar 
rious intracellular processes that can be probed 

by microspectrofluorometry: ® residual bodies ac- 
cumulating in quiescent or senescent cells, 2 func- 
tional lysosomes. Mitochondrial and extramito- 
chondrial dehydrogenase pathways are probed by 
microinjenctions of malate. Mitochondrial NAD(P)H 
response to this substrate may be delayed 1-7 s in 
relation to extramitochondrial response (so that 
delay due to mitochondrial membrane barrier might 
be measured by this approach). Hexose monophos- 
phate shunt is monitored via NADPH response to 6PG 
(6-phosphogluconate) injection. This response in 
fibroblasts and other cells (thyroid, human mela- 
noma, rhabdomyosacroma) appears largerly confined 
to nuclear region, but a concomitant extramito- 
chondrial response is observed in ATP-depleted cells, or whenever functional load (such as xeno- 
bitic detoxification) is imposed. Arrows indicate these two response patterns: one points to 
nucleus, other to cytoplasm. Addition of rhodamine 123 or reduce glutathione to cell medium al- 
ters reduction and reoxidation kinetics of NADPH transients triggered by injection of 6-PG. Fluo- 
rogenic lysosomal probe BZIPAR(4\) is (CBZ-Ile-Pro-Arg-NH)2-rhodamine, a bipeptide of rhodamine. 
Fluorescence of rhodamine is released only following action of hydrolase, which is liberated fol- 
lowing porphyrin-mediated photosensitization. Another result of photosensitization is lipid per- 


oxidation with accumulation of end product, Schiff bases (cf. also Fig. 2), shown here as dots in 
localized accumulation, aithough topographic fluorescence scan reveals accumulation’ throughout. 
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MICROBEAM RAMAN/FLUORESCENCE ANALYSIS OF EYE LENS 


Nai-Teng Yu, Ming-Zhi Cai, Deborah J.-Y. Ho, F. L. Thompson,and J. F. R. Kuck 


We report the design and performance of a new 
automated laser micro~Raman/fluorescence 
spectroscopic scanning system for obtaining 
two-dimensional concentration profiles of pro- 
tein constituents and various cataract-related 
fluorophors in the eye lens. Our microprobe 
system is capable of (1) automated acquisition 
of “"position-defined" Raman/fluorescence spec-~ 
tra from gridded points (1-8um diameter) of a 
lens section, (2) storage of intensity data of 
up to six spectral lines (or integrated inten- 
sities) from each point, (3) six-color graphic 
map indicating regions of different intensity 
intervals, and (4) plotting of contours inter- 
secting the intensity data with constant- 
height planes. The instrumentation consists 
of (1) a modified Zeiss microscope with a 
video camera and two computer-controlled actu- 
ators, (2) a modified Spex 1877 Triplemate, 
(3) a multichannel detector (PAR model 1420 
Intensified Reticon), and (4) an IBM XT com- 
puter with home-built interface boards for 
controlling the detector, a programmed elec- 
tronic shutter, and the X-Y stage translator. 
Available lasers are He-Cd, Art, Kr*, and N2. 
This system is expected to be useful for ob- 
taining relevant information pertaining to the 
modes of fluorophor production and the mecha- 
nisms of cataract formation. The method is 
applicable to any lenses (human/animal; 
normal/cataractous). 


Expertmentat 


Human lenses were obtained from the Atlanta 
Lions Eye Bank. Before preparation of a flat 
lens surface for X-Y data collection, the lens 
was frozen (at ~%-80 C) in an aluminum rectan- 
gular trough whose depth and width are equal 
to the equatorial radius, optical axis length, 
and equatorial diameter, respectively. The 
lens was so positioned that its optical axis 
was horizontal and one-half of the lens was 
above the top surface of the aluminum block. 
The entire aluminum biock with a frozen lens 
in its trough was then transferred to the 
thermoelectric cold plate (-50 C) affixed to 
the X-Y translation stage. After the upper 
half of the lens was shaved away by a knife, 
the lower half with a flat surface was covered 
by a layer of glycerol and a thin microscopic 
slide. Dry nitrogen gas was then channeled 
into the surrounding of the frozen lens sur- 
face via a circular glass apparatus that en- 
closed the cold plate and the aluminum block, 
but still allows the microscope objective lens 
to approach the sample surface. 


Authors Yu, Cai, Ho, and Thompson are at 
Georgia Institute of Technology (Department of 
Chemistry), Atlanta, GA 30332; author Kuck is 
at Emory University (Department of Ophthalmol- 
ogy), Atlanta, GA 30332. National Eye Insti- 
tute support (EY01746 and EY00260} is acknowl- 
edged. 
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A typical laser scanning path on the lens 
section is shown in Fig. 1. The scanning do- 
main is 11 x 6 mm, which is somewhat larger 
than the rectangular trough. A total of 1200 
data points (30 x 40) from a lens section were 
routinely obtained. To obtain a better reso- 
lution, a total of 2000 data points (40 x 50) 
were obtained. The anterior side has less 
curvature than the posterior side. 


Results and Diseusston 


We report here the testing of the perfor- 
mance of our automated laser microprobe scan- 
ning system on a 26-year-old human lens. It 
is well known that the human lens contains 
numerous fluorophors, depending on age and 
pathological state.’ In the present study, we 
monitored the fluorophor that exhibits an 
emission maximum of 1520 nm when excited at 
441.6 nm (He-Cd laser). The spatial distribu- 
tion of this fluorophor on the lens section is 
shown in Fig. 2. Near the optical axis there 
is a lower concentration of fluorophor toward 
the anterior side (Fig. 2a), and there is a 
saddle-shaped central minimum when one views 
the graph along the optical axis. Figure 2(b) 
exhibits a 3-dimensional perspective of the 
green fluorophor distribution; Fig. 2(c) shows 
the perspective with a sectioning along the 
optical axis; and Fig. 2(d) displays the per- 
spective with a sectioning along the equatorial 
axis. 

Studies of fluorophor distributions in the 
eye lens are important because of the popular 
belief that they are generated by photocata- 
lyzed reactions, which may be the initiating 
event for the formation of nuclear senile 
cataract.*”* The hypothesis that the lens may 
be affected adversely by the radiation it ab- 
sorbs is a reasonable one, although evidence 
in favor of such a relationship is only circum- 
stantial. Studies of the epidemiology of this 
type of cataract always cite the elevated in- 
cidence in Tibet (China), India, and Pakistan 
as perhaps being due primarily to the high in- 
tensity of light reaching the eye in a tropi- 
cal population. Retrospective studies on hu- 
man cataract offer little hope of proving the 
hypothesis, and results of experimental stud- 
ies on animals subject to near ultraviolet 
(UV) radiation are difficult to correlate with 
human cataracts for lack of suitable models. 

If human nuclear cataract (brunescent type) 
is caused by light, the pigments (or fluoro- 
phors}) accumulation should have certain geomet- 
rical characteristics that result from this 
mode of production. First, since near UV light 
strikes the anterior part of the nucleus first 
and is absorbed there in all but very young 
lenses, the pigmented zone should expand an- 
teriorly but not posteriorly. The shape of 
the pigmented nucleus in an older person should 
then be asymmetrical along the optical- (visual) 
axis. Second, because of the action of the 


pupillary system in regulating the light al- 
lowed to enter the eye, the more intense the 
light, the more the beam is restricted to a 
pathway coincident with the optical axis. 
Thus, viewed at the anterior pole along the 
optical axis, the pigmented zone should be 
darker at the center. Such an effect is not 
noticeable because it is indistinguishable 
from the apparent greater central absorption 
due entirely to the fact that the optical axis 
passes through the thickest part of the lens, 
which interposes more pigments in the light 
path. Third, since the outer anterior zone of 
the nucleus protects the inner anterior zone 
from the effect of the light, pigment concen- 
tration should exhibit little increase as one 
goes toward the center of the nucleus. 

These conclusions, arrived at intuitively, 
can hardly be verified by observing the whole 
lens in vitro. The proof may come from deter- 
minations of the detailed spatial distribution 


FIG. 1.--Ocular lens section confined in 11* 
6mm rectangular domain for two-dimensional 
grid data collection. Raman/fluorescence sig- 
nals are obtained from 1200 points (‘8m 
diameter); laser scanning path is indicated by 
arrows. 
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of various fluorophors. At present, the dis- 
tribution patterns shown in Fig. 2 indicate 
that the green fluorophor (520nm emission/ 
441.6nm excitation) is not likely to be gen- 
erated by the ambient UV light. We are now 
extending our studies to include more lenses, 
especially those from Beijing and Tibet, with 
longer excitation wavelengths (450-700 nm). 
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FIG. 2.--Fluorophor distribution in 26-year- 
old human lens. Lens section was made along 
optical axis and perpendicular to equatorial 
plane. Fluorophor exhibits emission maximum 
at 520 nm when excited at 441.6 nm. Peak in- 
tensity at 520 nm has been used to obtain the 
distribution profiles. (a) Topographic con- 
tours: lowest contour level, 334 counts; con- 
tour interval step value, 256 counts; maximum 
intensity, 3918 counts; (b) 3-D perspective 
profile; (c) 3-D perspective with sectioning 
along the optical axis; (d) 3-D perspective 
with sectioning along the equatorial axis. 
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LASER RAMAN OPTICAL DISSECTION STUDY OF AN INTACT LENS: COMPARISON AMONG HORIZONTAL AXIS 
PROFILES OF LENS WATER, SULFHYDRYL, AND DISULFIDE CONTENTS 


Aritake Mizuno, Elza Hitomi Takata-Kanematsu, Hiroko Nozawa, 
Yukihiro Ozaki, Keiji Iriyama, and Teruki Ikeda 


An ocular lens can be divided into two por- 
tions, nucleus and cortex, and both portions 
consist of many lens fibers. The predominant 
dry components of a mammalian lens are three 
structural proteins named o-, 6-, and y-crys- 
tallins and their combined weight accounts for 
approximately 33% of the total weight of the 
lens.? Lens aging and cataract result from 
the formation of protein aggregates, which 
disturbs the supramolecular organization of 
the crystallins.* Microbeam analysis of the 
lens is particularly important for two rea- 
sons. One is that lens water/protein ratio, 
relative concentrations of the three lens pro- 
teins, and microenvironments of their amino 
acid residues alter along the visual and hori- 
zontal axes of the lens; the other is that 
cataract often starts from microscopic opacifi- 
cation. 

Raman spectroscopic technique has been used 
extensively in lens research as an excellent 
nondestructive structural probe.*~* Raman 
spectra of an intact lens furnish in situ in- 
formation about lens hydration or dehydration, 
relative concentration and secondary structure 
of the lens proteins, microenvironments of 
tyrosine and tryptophan residues, and 2SH > 
S-S conversion of the lens proteins.7~* Raman 
signals can be obtained from an extremely 
small volume of the lens (typically, 10°" ul 
for a conventional Raman spectrometer and 107” 
ul for a Raman microprobe*), so that the dis- 
tribution of a constituent may be investi- 
gated. 

Laser Raman optical dissection technique 
was first applied by Yu et al.°-*® to lens re- 
search. So far visual axis sulfhydryl pro- 
files have been investigated in considerable 
detail, but the data on profiles of other 
amino acid residues and lens water/protein 
ratio are very limited®~® and there has been 
no report for the profiles along the horizon- 
tal axis. Therefore, we have recently started 
a systematic study on profiles of various 
amino acid residues and lens water/protein 
ratio along both axes. In the present paper 
we report that sulfhydryl and disulfide pro- 
files along the horizontal axis of a rat lens 
are, respectively, directly and inversely pro- 
portional to the corresponding lens water/ 
protein ratio profile. 


Experimental 


A normal lens from a 10-month-old SD-strain 
rat was employed in the present experiments. 
The excised lens was placed on a cuvette cell 
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bottom and covered with a tris (hydroxyl- 
methyl)aminomethane (Tris) buffered balanced 
salt solution containing 5.5 mM glucose. The 
osmolarity of the solution was 291 mosM. 

Raman measurements were made by a Jasco 
NR-1000 Raman spectrometer equipped with an 
HTV 649 photomultiplier tube. The excitation 
wavelength employed was 514.5 nm from an argon 
laser (NEC GLG 3200), and the laser power at 
the sample position was 100 mW. Peak frequen- 
cies were calibrated by measuring the spectrum 
of indene. The lens was illuminated by the 
laser beam from the bottom of the cell, and 
the scattered light was collected at 90° to 
the incident beam. Raman signals were ob- 
tained from a microscopic cylindrical volume 
(50 um in diameter and 0.28 mm height; 5.5 x 
10°" 1) of several points along the horizon- 
tal axis of the lens; the size of the lens 
was 4.4 mn in diameter and the points investi- 
gated (points a-g) are illustrated in Fig. 1. 
The boundary between the nucleus and cortex 
is located near point e. 


Results and Discussion 


Figure 1 compares Raman spectra in the 
3800-2800cm * region taken at two different 
points (points a and g) of a 10-month-old SD- 
strain rat lens. Points a and g belong to the 
nucleus center and cortical portion near equa- 
tor, respectively. A broad band near 3390 
cm”* is assignable to an OH stretching mode of 
water included in the lens; a weak feature at 
3064 cm™* and overlapped bands at and near 2935 
cm™* are due to CH stretching modes of 
the lens proteins.?71° We previously proposed 
that lens dehydration and hydration can be 
probed nondestructively and locally by a com- 
parison of the peak heights of two Raman bands 
at 3390 and 2935 cm™* (Iz399/12935; lens 
water/protein ratio).9»1° Note that the in- 
tensity ratio (13399/12935) changes dramati- 
cally from point a to point g. Trace (A) in 
Fig. 2 shows the profile of the intensity ra- 
tio along the horizontal axis of the lens. 
Relative content of lens water to the lens 
proteins increases gradually along the axis; 
in other words, protein concentrations 
decrease. 

Trace (B) in Fig. 2 illustrates the profile 
of the intensity ratio of two Raman bands at 
2579 and 2731 cm™* (12579/12731) along the 
horizontal axis of the same lens as for Trace 
(A). The band at 2579 cm? (not shown) is as- 
Signed to a SH stretching mode of sulfhydryl 
groups of the lens proteins.*~* The assign- 
ment of the 273lcm™” band is still uncertain, 
but its intensity has been used as an internal 
standard for estimating the relative intensity 
of the 2579cm~* band.®*8*!° ‘Trace (B) is 
fairly similar to the visual axis sulfhydryl 
profile for a 7.5-month old rat lens reported 


by Askren et al.® Trace (C) in the same figure 
represents the corresponding profile of the in- 
tensity ratio of two bands at 510 and 495 em * 
(1519/1495). The band at 510 cm™* (not shown) 
is due to a S-S stretching mode of disulfide 
bridges in the lens proteins.” * The band at 
495 cm’ arises from the peptide backbone and 
its intensity has served as an internal stan- 
dard.® 

Particularly striking in Fig. 2 is that the 
sulfhydryl profile is inversely and directly 
proportional to the disulfide and the lens 
water/protein ratio profiles, respectively, in 
the nuclear portion. The correlation between 
the sulfhydryl and disulfide profiles clearly 
shows that the decregse of SH content in the 
nucleus means the formation of S-S linkages. 
Similar correlation was observed for mouse len- 
ses.? With regard to the relation between SH 
content and lens water/protein ratio, we previ- 
ously found that age-dependent profile of the 
SH-stretching mode of nucleus center parallels 
that of its OH stretching mode; SH content in 
the nucleus center decreases as lens dehydra- 
tion proceeds with aging.*° This observation 
was interpreted to mean that lens dehydration 
concentrates the proteins and so facilitates 
the conversion of SH groups to disulfide 
bonds.!° The similarity between the sulfhydryl 
(Trace B) andthe lens water/protein ratio 
(Trace A) profiles in the nuclear portion may 
be also interpreted by the same argument. Both 
SH and S-S contents decrease in the cortex, 
probably because protein concentrations them- 
selves decrease there. 

The present study has clearly demonstrated 
that the relative content of water to the lens 
proteins, and that of SH groups, changed mark~ 
edly along the horizontal axis of a lens and 
further suggested that the 2 SH > S-S conver- 
sion is closely related to lens dehydration. 
This sort of microbeam analytical study pro- 
vides basic information for studying microscop- 
ic cataractous changes. First cataractous sig- 
nature is often recognized as a spotlike opa- 
city by optical microscopic observation. In 
such cases the Raman microprobe method may be 
more useful. 
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FIG. 1.--Raman spectra in 3800-2800cm + region 
of point a and point g of 10-month-old rat 
lens. Raman spectra were measured for points 
a-g which are located at various distances 
from geometric center of lens: point a, 0; 
point b, 0.3 mm; point c, 0.6 mm; point d, 0.9 
: mm; point e, 1.2 mm; point f, 1.5 mm; point g, 
: 1.8 mn. 
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FIG, 2.--Horizontal axis profiles of lens 
water/protein ratio (A: 13399/I2935), sulfhy- 
dryl (B: 12579/12731), and disulfide (C: 
1510/1495) for 10-month-old rat lens. 
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A FLUORESCENCE TECHNIQUE FOR DETERMINING THE POROSITY OF GEOLOGIC CORE 
SAMPLES ON A MACRO- AND MICROSCALE 


R, A. Velapoldi and 


The porosity of reservoir rocks is important 
in estimating reservoir potential, size, and 
production performance as well as in basin 
modeling.’ Generally, porosity has been mea- 
sured on core samples by use of adsorption of 
gases or liquids including helium, water, and 
mercury. However, these measurements provide 
a measurement of bulk or average porosity of a 
1-2cm> sample or a crushed sample of similar 
original size. 

Fluorescence microscopy has been used to 
yield enhanced carbonate petrography including 
previously uninterpretable depositional fa- 
cies, diagenetic fabrics, and porosity rela- 
tionships in highly dolomitized or recrystal- 
lized limestones?; and to recognize microporo- 
sity in sedimentary rocks. Our interest has 
focused recently on being able to determine 
the porosity of core samples with a micrometer 
spatial resolution, so that changes in porosi- 
ty could be measured on a more local scale 
with a more realistic view of the porosity 
gradients within a bulk sample. We present 
here a method for quantitatively measuring po- 
rosity of reservoir rocks on a spatial scale 
of a few micrometers using fluorescence mi- 
croscopy. The procedure includes automated 
scanning of sandstone core thin secitons from 
the North Sea and could be extended to other 
core rock types examined by geologists. 


Expertmentat 


Thin Sections. Thin sections were prepared 
in the usual manner from sandstone cores cho- 
sen for their wide porosity values, ranging 
from 7 to 30% as determined by He adsorption 
measurements. Blocks of cores (normal size, 
2x 2 cm; large size, 8 x 15 cm) were cut. 

The small-size thin sections were prepared 
from cores that suggested relatively homogen- 
eous porosities under examination; the large- 
size thin section was selected from a core 
that suggested variable porosity under micro- 
scopic examination as a function of x,y loca- 
tion. These cores were impregnated with the 
clear epoxy normally used in thin-section pro- 
duction, attached to glass slides, and ground 
to a nominal 30'um on a lapping machine. A fluo- 
rescing naphthylimide-type dye (Fluorol 755, 
Day-Glo Color Corp., Cleveland, Ohio) rather 
than the normal blue visible dye was dissolved 
in the epoxy to give varying dye concentra- 
tions (0.03-10 g/kg). The varying concentra- 
tions were used to test two types of measure- 
ment conditions: (1) optically dense solutions 
to give essentially "quantum counter" thin 
sections for surface fluorescence only, and 
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(2) optically thin solutions to give thin sec- 
tions for volume fluorescence measurements.*?° 
The former were not suitable for this study; 
the latter were used with absorbance values 
through the thin section measured to be less 
than 0.05 absorbance units per 30 um to re- 
duce fluorescence measurement errors. ® 

The 2 x 2cm thin sections were prepared 
with a strip of fluorophor-doped epoxy on one 
end to serve as an internal standard, with 
fluorescence flux corresponding to 100% poros- 
ity; the large 8 x 15cm thin section had 6 
slots (0.5 x 1 cm) cut into the edge of the 
thin section to providethe internal standard con- 
sisting of only fluorophor-doped epoxy. 


Fluorescence Measurements. Fluorescence 
microscopic measurements were made on a Leitz 
MPV 3 microscope photometer equipped witha 
Ploem illuminator for incident excitation and 
scanning stage, monochromator, or mirror, all 
under computer control. A Ploemopak '"D' cube 
was used giving an excitation band from 355 to 
425 nm (wavelengths for 50% transmittance). 
Dry objectives of 2x or 40x were used and gave 
nominal magnifications of 25x and 500x, re- 
spectively. For most of the measurements, the 
measuring aperture was 20 um x 1.1 mm (2x ob- 
jective). The excitation aperture was set 
just slightly larger than the measuring aper- 
ture to assure that excitation radiation fell 
on the sample only during the short time when 
measurements were being made to reduce fluoro- 
phor fading. The matrix size for the small 
thin section measurements, usually 150 x 6, 
yielded a total of 900 fluorescence flux mea- 
surements covering an area of approximately 
1.1 x 1.8 cm; the matrix for the large thin 
section was 525 x 8 and yielded a total of 
4400 measurements covering an area of approxi- 
mately 6 x 2 cm (see raster A in Fig. 1). A 
smaller matrix of 300 x 20 was also used for 
the large thin section with the measuring ap- 
erture 5 x 10 um, which gave 6000 measurements 
covering an area of 3750 by 250 um (raster B 
in Fig. 1). 

Fluorescence flux values for the internal 
standard corresponding to 100% porosity were 
measured in three repetitive 150 x 1 raster 
movements, followed by 3 to 5 repetitive ras- 
ter movements on each thin section. (The 
scanning stage returns to the starting x,y lo- 
cation after each raster movement is com- 
pleted.) Fluorescence flux values at each x,y 
location usually had a coefficient of varia- 
tion (CV) of less than 1% for the standards 
and generally less than 2% for the thin sec- 
tions. The total variation of fluorescence 
flux for the strip of standard covering ap- 
proximately 1.1 cm ranged from about 1% to as 
much as 8%. No major variation could be ob- 
served in the thin section thickness. (Varia- 
tions were about 1 um or less, which would 
give rise to expected variations in fluores- 
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cence flux measurements of about 3%. The 100% 
porosity values derived from each x location 
in the standard strip were used to calculate 
the porosity values at the corresponding x lo- 
cations in the thin section. For the large 
thin section, the 100% porosity values were 
measured at 5 of the 6 slots and were averaged. 
The measured fluorescence flux values within 
any slot varied by less than 1%; the measured 
values for all the slots gave a CV of 2.2%. 

Blank readings were made and subtracted 
from the standard and thin section fluores- 
cence flux values. We calculated the percent 
porosities for each x,y location in the ma- 
trix by dividing the thin section corrected 
fluorescence flux values by fluorescence flux 
values from the standard and multiplying by 
100, and determined average porosities for the 
thin sections by summing the individual poros- 
ity values and dividing by the total number of 
x,y elements in the matrix for that thin sec- 
tion. 


Results and Discussion 


The overall porosities measured by helium ad- 
sorption and fluorescence microscopy are sum- 
marized in Table 1. Sandstone cores, espe- 
cially from the North Sea region, contain 
clays such as kaolinite. Helium porosity val- 
ues are generally higher by 2 to 5% (and some- 
times as much as 15%) than porosities deter- 
mined by (for example) point counting; in gen- 
eral, the more clay a sample contains, the 
larger the differences. Considering these 
facts, excellent agreement between the porosi- 
ty values for the two techniques is observed, 
with the values for fluorescence microscopy on 
an average approximately 3% lower than the He 
values. The individual porosity values calcu- 
lated for each x,y location in the small thin 
sections are represented by the plots of 
Fig. 2. The average data from Table 1 show 
the agreement with other techniques, and the 
figures and porosity values for each x,y loca- 
tion demonstrate the real porosity variations 
in thin sections that appeared homogeneous. 
In Fig. 2(b), for example, low porosities are 
noted for one side of the thin section and 
higher porosities are noted for the opposite 
edge, which suggests flow or channeling char- 
acteristics not recognized from visual inspec- 
tion. 

The large thin section was also measured in 
this fashion and gave an average porosity of 
11.6%. From Fig. 3, differences in porosity 
as a function of core depth (X axis) are ob- 
servable, with the porosity changing from val- 
ues of approximately 17% at the right and left 
sides of the thin section to a porosity ap- 
proaching 8% in the center of the thin sec- 
tion. Although this determination could be 
made with multiple samples (every 1 cm) when 
bulk porosities are measured, 8 to 10 times 
the effort would be required. In addition po- 
rosities at individual x,y locations range 
from 3.4 to 94%; these data, measured every 
50 um, simply would not be available if bulk 
porosity measurements were made. 

The data for the large and small thin sec- 
tions were obtained by use of a measurement 
aperture that was 20 um x 1.1 mm, so that it 


does not really give porosities on a microme- 
ter scale in both the x and y directions. 
Thus, porosities were determined with a mea- 
suring aperture 5 x 10 um (smallest used was 

5S x 5 um with 500x magnification). As can be 
seen from Fig. 1, the large thin section was 
fractured down the center. Porosity values 
were obtained by traversing the fracture in a 
300 x 20 matrix (raster B in Fig. 1), which 
gave 6000 data points (matrix elements) that 
covered a rectangle 3750 x 250 ym, from which 
Fig. 4 was constructed. The fracture in the 
center of the thin section (porosities vary from 
15 to 75%) is easily observed; porosities 
from various 5 x 10um areas of the thin sec- 
tion range from 0.3 to 100%, not unexpected at 
those small measurement areas. Thus, Fig. 4 
represents porosity data on a micrometer scale 
in both x and y directions. 


Cone lustons 


We have developed a fluorescence procedure 
that can be used to determine the porosity of 
geologic thin sections on a macro- or micro- 
scale and that provides excellent agreement with 
porosities determined by other procedures. 
This information complements data obtained by 
other micro techniques used to determine chem- 
ical or physical properties; e.g., it could 
provide insight in assessing accurate element 
concentrations determined by microprobe tech- 
niques. 
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TABLE 1.--Porosity of sandstone core thin sec- 
tions measured by He adsorption and fluores- 
cence microscopy. 


Porosity, % 


He Fluorescence Microscopy 


0.1 g/kg? 1.0 g/kg*® Avg. A 


7.0 3.3 3.8 -3.4 
14,0 1b. 2 12,5 -2.1 
20.0 16.3 16.8 -3.4 
26.0 23.6 21.8 -3.3 
30.0 28.5 27.2 a 232 


4fluorophor concentration 


FIG. 1.--Portion of large-size thin section 
showing raster A covering 6 x 2 cm and raster 
B covering 3750 x 250 um. 
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FIG, 2.--Five small sandstone core thin sec- 
tions with porosities measured by fluorescence 
microscopy: (a) 3.3%; (b) 11.2%; (c) 16.3%; 
(d} 23.6%; and (e) 28.5%. Fluorophor concen- & : : 
tration, 0.1 g/kg; measurement aperture, ve at ee awe o® 
20 um <x 1.1 mm; data points, 900. 
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FIG. 3. Porosity variations of large thin sec- FIG. 4.--Porosity variations of large thin sec- 
tion represented by raster A in Fig. 1; fluoro- tion represented by raster B in Fig. 1; fluoro- 


phor concentration, 0.1 g/kg; measurement aper- phor concentration, 0.1 g/kg; measurement aper- 
ture, 20 um x 1.1 mm; data points, 4400. ture, 5 x 10 um; data points, 6000. 
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USE OF A LASER RAMAN MICROPROBE TO TRACE GEOLOGICAL REACTIONS 


J. D. Pasteris and Brigitte Wopenka 


Geologists frequently want to monitor the 
progress and process of reactions in minerals. 
Before a reaction has gone to completion, the 
reaction zone commonly consists of thin bands 
of (or finely intergrown) secondary mineral 
phases that are replacing the primary phase(s). 
Identification of these secondary phases, 
whether they constitute an equilibrium or dis- 
equilibrium assemblage, is necessary in order 
to determine the reaction mechanism and reac- 
tion path. Laser Raman microprobe (LRM) spec- 
troscopy provides a means by which the geolo- 
gist can simultaneously view a reaction front 
and analyze the mineral and fluid phases on a 
microscopic scale in a rock chip. The follow- 
ing are preliminary results from studies in 
our laboratory concerning mafic and ultramafic 
igneous rocks. 


Experimental 


Our instrument is a RAMANOR U-1000 (Instru- 
ments SA) laser Raman microprobe single-chan- 
nel analyzer. We operate with the 514nm line 
of a SW Art laser. Typical analytical condi- 
tions are approximately 10 mW of laser power 
at the sample surface, spectral counting time 


‘of 10 s per point, stepping intervals of ei- 


ther 1 cm”? (e.g., for serpentines or graph- 
ite) or 0.5 cm7* (for volatiles and carbon- 
ates), and a spectral resolution of about 5 
em7?, Under these analytical conditions, flu- 
id inclusions as small as 2 um in diameter 
give strong Raman peaks for CO,. The pre- 
ferred samples are doubly polished unmounted 
wafers of rock. However, geological samples 
frequently are only available as doubly pol- 
ished thin sections, which are less desirable 
because of the fluorescence that is commonly 
induced by the laser beam in the epoxy mount- 
ing medium. The microscope objectives used 
are 40x (N.A. = 0.75), 80x (N.A. = 0.90), and 
160x (N.A. = 0.95). Depending on the objec- 
tive used, the beam spot can be as small as 

1 um. 
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Flutd and Solid Inelusions in Mantle Xenoliths 
and Kimberlttes 


When basaltic and kimberlitic igneous rocks 
explosively erupt, they frequently bring to 
the surface xenoliths of rock from the earth's 
upper mantle. Many of the silicate grains in 
the xenoliths, for instance olivine, contain 
trails of fluid inclusions. The latter most 
likely represent episodes in which the solid 
olivine grains were fractured at depth and 
then rehealed, capturing some of the ambient 
fluid. Studies have shown this.fluid to be 
mostly CO,, which is believed to reflect pro- 
cesses that the original C-Q-H mantle vola- 
tiles have undergone during their rise and 
chemical interactions with surrounding mater- 
ials as reviewed by Roedder’ and Pasteris.? 
However, small amounts of CO were detected by 
LRM analysis in one case.5 . 

We have used the LRM to monitor possible 
changes in these CO,-dominant fluids due to 
late-stage processes as their host rocks neared 
the surface. The volatiles CO, CO, H,S, and 
CH, were analyzed for in fluid inclusions in 
mantle xenoliths from the San Carlos volcanic 
field in Arizona and from Kilbourne Hole in 
New Mexico. In the larger (>10um) inclusions 
in the xenolith olivines, only COQ, was detect- 
ed, confirming previous findings.? Additional 
experiments were done to determine whether 
there was any detectable change in fluid com- 
position in the following cases in which sec- 
ondary reactions might be expected: (1) fluid 
inclusions along fractures that also are lined 
with glass (injected basaltic melt), (2) fluid 
inclusion trails in xenolith olivines that are 
in direct contact with the host basalt, and 
(3) trails of minute inclusions that appear to 
represent bursting of larger inclusions (dur- 
ing rapid rise and depressurization of the 
xenoliths) with subsequent recapture of the 
fluids. In all three cases, CO, was the only 
species that could be detected. This lack of 
change in fluid composition suggests very sim- 
ilar oxygen fugacity conditions in the basal- 
tic melt that transported the xenoliths and in 
that portion of the upper mantle where the ma- 
jority of xenolith fluid inclusions last 
equilibrated. 

In contrast to the above, there are cases 
in which previously CO,-filled inclusions in 
xenoliths and other rocks record the results 
of subsequent fluid and fluid-solid-re-equili- 
bration. We used the LRM to monitor such 
changes in an olivine grain in a kimberlite 
from the Kao kimberlite pipe in Lesotho. The 
sample shows progressive serpentinization of 
the olivine grains, accompanied by apparently 
simultaneous precipitation of extremely fine 
graphite. The latter produces black rims 
around the olivine remnants* (Fig. la). The 
inclusions in this sample (Figs. lb,c,d) do 
not give Raman signals for any of the vola- 
tiles listed above, in spite of the fact that 


205 


CO,-filled fluid inclusions are ubiquitous in grains and a black opaque material (separately 
kimberlite olivines. Although the inclusions or together) are observed partially to fill 

in this sample apparently do not (no longer?) many of them. 

contain volatiles, both colorless anisotropic 


FIG. 1.~-(A) Serpentinized, graphitized (s-g) 
olivine (0) in kimberlite matrix (m) from Kao, 
Lesotho; scale bar = 200 um. (B) Enlarged 
view of part of Fig. 1(A) (white rectangle), 
showing trails of fluid inclusions; scale bar 
= 25 um. (C) Type-1 inclusion analyzed in 
this study. (D) Type-2 inclusion analyzed in 
this study. 
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Two types of the black material are opti- 
cally distinguishable by their texture. Type- 
1 inclusions (Fig. lc) have a gray coating on 
their inside, presumably from dispersed, very 
fine-grained (<<lum) opaque material. Type-2 
inclusions (Fig. 1d) are optically much clear- 
er, and frequently have a small (.1.5um), dis-~ 
tinct black grain on their rim. In spite of 
their distinctly different appearances, both 
types of black material show LRM spectra for 
well-ordered graphite (Fig. 2); i.e., there is 
a well-developed peak around 1600 cm *, but no 
feature at about 1350 cm*.°*® Although 
graphite precipitates have been identified be- 
fore in mantle rocks and some possible mecha- 
nisms for their production have been dis- 
cussed,*?’~® this is the first report to our 
knowledge of its identification and character- 
ization by Raman spectroscopy. The associa- 
tion of these graphite-bearing inclusions with 
the graphite-serpentine front that is consum- 
ing the olivines suggests that the graphite 
(at least in the inclusions) may have precipi- 
tated from pre-existing CO, during the serpen- 
tinization. If hydrogen that probably was re- 
leased during serpentinization’ ?° reacted 
with the CO,, the bulk composition of the 
fluid could have entered the field of stabili- 
ty of graphite. If this was the mechanism of 
graphite precipitation in our sample, it is 
interesting that none of the inclusions show 
the presence of CH,, for which we estimate our 
detection limit to be about 1 bar partial 
pressure for inclusions of the size shown in 
Papo bss 

For Type-1 graphite-coated inclusions, the 
lack of detection of any volatiles may be an 
optical problem. We have done experiments to 
simulate the thickness of fine-grained graph- 
ite coating necessary to block the Raman sig- 
nal of a volatile species. A carbon-coater 
was used to sputter layers of carbon of known 
thickness onto a polished silicon wafer, A 
6008 coating of carbon reduces the count rate 
to 10% of that for an uncoated silicon wafer. 
Thus, it may be very difficult to obtain Raman 
spectra of any volatiles present in Type-1 in- 
clusions. 

The colorless, anisotropic solids (%2,um) 
that occur in both Type-1 and Type-2 inclu- 
sions also were analyzed by LRM spectroscopy. 
In each case, a strong carbonate band was de- 
tected, but the peak positions for individual 
grains vary greatly, suggesting a large varia- 
tion in the Ca:Mg ratio.+* Magnesian carbon- 
ates were identified previously by electron 
microbeam techniques as small inclusions in 
mantle rocks.?3715 Magnesite and dolomite are 
inferred to be the stable CO,-bearing phases 
over a wide range of depths in the upper 
mantle.7&-+8 

From our LRM analyses, there appears to be 
a correlation of magnesian carbonates (magne- 
site or dolomite) with the graphite-coated 
Type-1l inclusions and of calcite with the 
Type-2 clear inclusions that have graphite on 
their rims. The reasons for these associa- 
tions are unclear. Dependence on oxygen fuga- 
city seems unlikely, since iron does not ap- 
pear to be present. Recrystallization could 
be important if an original Ca-Mg carbonate 
exsolved into a more calcic and a more magne- 


Sian phase. However, there is no evidence 
seen in this sample for coexistence of two dif- 
ferent carbonates in the same inclusion. In 
contrast, in similar inclusions in a serpenti- 
nized but ungraphitized kimberlite sample 
(DTP-5) from the Dutoitspan kimberlite pipe in 
South Africa, we identified (also by LRM spec- 
troscopy) minute magnesite and calcite grains 
that occur together in inclusions in olivines. 
This finding suggests that some of the calcite 
and magnesite inclusions in xenoliths may have 
the same origin. 


Tracing the Progressive Serpentinization of 
Kimberlites 


Serpentinization is a hydration reaction 
that occurs in many olivine-bearing igneous 
rocks below about 500 C. Documentation of 
this reaction is useful in characterizing the 
influx of water and the molar proportion of 
water compared to other volatile species. Be- 
cause there are three major recognized serpen- 
tine phases, each with an individual field of 
stability, identification of the specific 
phase can provide additional information on in- 
tensive parameters such as temperature.)?~?+ 

In many kimberlites and some mantle xeno- 
liths, there are serpentines of different col- 
ors and textures, which in some cases show a 
zonal pattern that is suggestive of multiple 
episodes of serpentinization. In an earlier 
study,*? lmm-wide serpentinized rims on oli- 
vine grains in samples from the De Beers kim- 
berlite from South Africa were removed with a 
dental drill and analyzed by X-ray diffractom- 
etry. From peak widths and positions, all 
that could be inferred is that the material is 
a very poorly crystallized serpentine. Fur- 
thermore, for the multiple thinner zones of 
serpentine that in many cases occur in kimber- 
lites, a microbeam technique such as LRM spec- 
troscopy is necessary to distinguish the in- 
tergrown phases. 

To obtain reliable Raman spectra for refer- 
ence, we acquired one well-characterized pow- 
dered sample each of antigorite, lizardite, 
and chrysotile from Dr. R. G. Coleman of the 
U.S. Geological Survey.?% Our preliminary 
analyses on these samples (Fig. 3} indicate 
that the major differences among the serpen- 
tines occur in the bands at about 690 em™? 
(single peak for chrysotile and lizardite, 
peak with shoulders for antigorite) and in the 
OH-stretch region of about 3660 to 3720 cm? 
(single peak or peak with shoulder for chryso- 
tile and lizardite, well-resolved double peak 
for antigorite). Antigorite also shows a 
strong band at about 1050 cm™?, which does not 
appear in the spectra for the other serpentine 
phases, Additional standards are being ob- 
tained to confirm these observations. 

In the partially serpentinized kimberlite 
DTP-5 described above, there are optically 
distinct zones of fibrous alteration rimming 
the olivine grains. The Raman spectrum of the 
outermost rim (Fig. 3) shares spectral fea- 
tures with all the serpentine standards. The 
innermost zone of bladed material shows no 
spectral features for olivine, only weak fea- 
tures where two of the strongest serpentine 
bands occur (%390, 690 cm™"), a distinctly re- 
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FIG. 2.--Raman spectrum of black coating in 
- Type-1 inclusion as shown in Fig. 1{(C). 
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FIG, 3.--Raman spectra of three serpentine 
standards and one kimberlite sample. 
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solved double peak in the OH-stretch region 
(3600-3800 cm™"), and an additional broad fea- 
ture at about 535 cm+. This material may not 
yet have fully converted to serpentine. The 
optically clear, apparently unaltered olivine 
core in this sample showed an unusual Raman 
spectrum: in addition to the bands due to oli- 
vine, we detected a weak but clearly recogniz- 
able double peak or single peak with a shoul- 
der in the OH-stretch region. However, a to- 
tally fresh olivine from the Benfontein sill 
kimberlite in South Africa showed only olivine 
bands and no OH-stretch. Thus, the LRM had 
demonstrated the capability to detect incipi- 
ent hydration in an olivine core that is not 
visibly altered. 

The fully serpentinized De Beers kimberlite, 
in which the serpentine appears structurally 
featureless both optically and by XRD analysis, 
gives a Raman spectrum interpreted to be that 
of poorly crystallized lizardite or chryso- 
tile. The peaks are broad and weak compared 
to those in the standards, and the OH-stretch 
is represented by a single broad peak. 


ConeLluston 


Our ongoing studies have demonstrated the 
ability of the LRM spatially to distinguish 
and identify individual phases that represent 
either original unaltered material in a rock 
or the products of mineral and mineral-fluid 
reactions. Unlike techniques involving bulk 
extraction and analysis of volatiles, the LRM 
permits analysis of individual inclusions at 
measured distances to a reaction front. We 
have further shown the powerful capability of 
the LRM to distinguish, in situ, "pseudopoly- 
morphs'' (serpentine phases) and minute indi- 
vidual phases in a solid solution series (car- 
bonate phases), which is difficult by any oth- 
er technique. In summary, the LRM can provide 
unique information that may be essential in 
the determination of the actual reaction mech- 
anisms in geological materials. 
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NOTE ADDED IN PROOF. Addittonal LRM analyses 
on serpentine standards from F. J. Wicks of the 
Royal Ontarto Museum suggest that it ts very 
diffieult to distinguish lizardite from ehryso- 
tile by Raman spectroscopy. However, the Raman 
spectrum of antigorite seems to be distinet 
from those of the other two phases. 
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MULTICHANNEL MICROFLUOROMETER WITH LASER EXCITATION 


J. Barbillat, P. Dhamelincourt, J. P. Cornard, and B. Lenain 


With lasers as sources of excitation of Raman 
scattering and fluorescence emission and the 
ongoing developments of instrumentation for 
optical spectroscopy, microprobing techniques 
have matured to the point at which nondestruc- 
tive microanalysis has now become routinely 
practicable.+** The laser sources present un- 
questionable advantages in terms of excitation 
efficiency and spatial resolution because they 
can be focused onto a spot whose size is only 
limited by diffraction. This size can be as 
small as 0.5 um when high numerical aperture 
objectives are used. 

However, these intense sources must be used 
very carefully when fragile materials are 
analyzed because high irradiances induce gen- 
erally rapid modification of the probed area 
of the sample. Most of the time studies of 
fragile materials thus require recording times 
as short as possible with low laser power at 
the sample. That is why microprobes that em- 
ploy spectrographic dispersion with a very 
sensitive multichannel detector are now being 
developed and are especially designed to allow 
both Raman and fluorescence experiments on the 
same sample. 

At the 1985 MAS meeting we introduced a mi- 
crofluorometer with Ar* laser excitation and 
multichannel diode array detection based on 
the technology we developed a few years ago 
for micro-Raman instrumentation.* This in- 
strument has clearly demonstrated the advan- 
tage of multichannel detection to improve the 
sensitivity while maintaining the input laser 
power far below the damage threshold of the 
sample. Since this first prototype, many im- 
provements have been implemented in order to 
increase the straylight rejection and to ex- 
tend the capability of the instrument by use 
of UV excitation to biological samples. 

This instrument consists of (1) a UV laser 
(He-Cd Omnichrome) emitting a few milliwatts 
at 325 nm; (2) a microscope (Olumpus BH-2) 
with a reflected light fluorescence attachment 
and UV optics, which permits the observation 
of the sample by conventional microscopy, as 
well as focusing of the laser beam onto the 
sample and collection of the fluorescence or 
Raman radiations; (3) a fully reflective coup- 
jing optics between the microscope and the 
spectograph, which allows one to analyze any 
point of the sample located in the field of 
view of the microscope without moving the sam- 
ple (spatial resolution: about 1 um);* and (4) 
a triple spectrograph divided into two sec- 
tions, a zero-dispersion premonochromator and 
a spectrograph, a configuration based on three 
identical Czerny-Turner monochromators that 
includes two sets of dispersors: three identi- 
cal gratings (1800 gr/mm) and three prisms 


(SF 55 glass) all mounted on the same shaft, 


Authors are at the G.I.P, Instrumentation 
et Spectrometrie, Cité Scientifique, Bat.C5, 
F-59655 Villeneuve d'Ascq Cédex, France. 


which has the advantage that the detector al- 
ways receives the band pass determined by the 
prefilter stage whatever the wavelength set- 
ting, and that spectral resolution and band 
pass can be chosen by positioning the proper 
dispersor (low resolution); prism; higher res- 
olution; gratings), switching from the prisms 
to the gratings accomplished simply by trans- 
lation of the shaft. 

The premonochromator is used to reject the 
high-intensity exciting line with a better ef- 
ficiency than colored glass or notch filters. 
The gratings used in the prefilter stage re- 
sult in a dispersion of 61 cm 7/mm at 400 nm. 
Under these conditions, the fixed intermediate 
slit width (12 mm) determines a spectral cov- 
erage of 770 cm? With the prisms, almost 
all the visible radiations are transmitted 
through the intermediate slit. The final dis- 
persion of the light is achieved by the spec- 
trograph stage, which focuses the spectrum on- 
to the multichannel detector, and consists of 
{a} a multichannel intensified array detector 
previously described elsewhere,° and (b) a 
microcomputer (IBM AT) for total system con- 
trol: wavelength setting, laser positioning on 
the sample, data acquisition, and treatment. 

There are potential applications of this 
instrument in intracellular fluorescence of 
single cells. 
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MICRO-RAMAN SPECTROSCOPIC MEASUREMENT OF CARBON IN METEORITES 


AND INTERPLANETARY 


DUST PARTICLES 


John Macklin, Don Brownlee, Sherwood Chang, and Ted Bunch 


The most direct indication of the structure 
and distribution of carbon in material from 
which the solar system was formed is likely to 
be found in extraterrestrial debris, especial- 
ly chondritic porous (CP) interplanetary dust 
particles (IDPs) that may be of cometary ori- 
gin. Consequently, the study of carbon in ex- 
traterrestrial materials can lead to important 
information about the chemistry of carbon for- 
mation in the cosmos and is directly relevant 
to the distribution and structure of carbon on 
the primitive, prebiotic Earth. Among the 
many techniques used to study these materials, 
Raman spectroscopy has been demonstrated to be 
a useful, nondestructive probe of structural 
characteristics of carbon.+ * Moreover, Raman 
spectra of carbon in a number of chondritic 
meteorites have been reported.® The micro- 
Raman technique affords a means of extending 
these measurements to CP-IDP fragments that 
are 1 um or larger in size. In this paper 
some Raman measurements of carbonaceous IDPs 
are reported and compared with spectra of 
glassy carbon and the carbon in the Murchison 
and Allende meteorites. 


Experimental 


Samples of the Murchison and Allende mete- 
orites were obtained from Ted Bunch and Sher- 
wood Chang at the NASA Ames Research Center. 
Polyvinilidine chloride (PVDC) was carbonized 
by George Yuen and Sherwood Chang following 
the procedure described in Ref. 6. Glassy 
carbon samples were obtained from Dave Fish- 
bach. They are isotropic, highly disordered 
materials obtained from commercial sources and 
heat treated at 2000 C.? 

The IDPs were collected from the strato- 
sphere at an altitude of 20 km by impaction 
onto silicone-oil-coated plates mounted on D-2 
aircraft operated by the Airborne Science Di- 
vision of the NASA Ames Research Center. The 
samples were located on the collection plates 
and removed under an optical microscope, 
washed with solvents, and prepared for measure- 
surement by Don Brownlee. The details of sam- 
ple collection and preparation are described 
in Ref. 7. 

The Raman spectra were measured primarily 
by use of the 488.0nm line of a Spectra Phys- 
ics 165 argon ion laser. Spectra were also 
recorded with 457.9 and 514.5nm excitation. 
The laser power was usually 10-20 mW and the 
spectrometer slit width was 200 um. The scat- 
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tered radiation was dispersed with a SPEX In- 
dustries 1477B Triplemate spectrometer e- 
quipped with a SPEX Micramate microsampling 
system based around a modified Zeiss micro- 
scope. Both diode array and photomultiplier 
detection were used to obtain the spectra. 
Integration times on the diode array ranged 
from 0.5 to 2 s for 20 collections. Data ac- 
quisition and storage were accomplished by use 
of two coupled Terak minicomputers. Samples 
were held on microscope slides and radiation 
collected by backscattering from the opaque 
materials. 


Results and Discussion 


Typical Raman spectra of the Allende and 
Murchison meteorites, a PVDC carbon prepared 
at 800 C, glassy carbon, and a CP-IDP (SP-718) 
are compared in Fig. 1. The spectra include 
those most commonly measured bands at about 
1360 and 1580 cm™* in the Raman spectra of 
various materials that contain elemental car- 
bon. They are generally similar but the bands 
differ in details of width, shape, relative 
intensity, and frequency. The spectrum of 
highly ordered graphite consists of a single 
band at 1580 em? along with several overtones 
above 2000 cm™+. The intensity of bands at 
1360 and 1620 cm? and decreased intensity of 
the overtones in spectra of poorly graphitized 
materials is attributed to destruction of the 
Deh Symmetry of graphite and subsequent relax- 
ation of selection rules.+ * 

If similar Raman spectra can be taken to 
indicate similar structure, the comparisons in 
Fig. 1 suggest that the carbon in the IDP is 
structurally much like that in the Murchison 
meteorite, which is likely to be very poorly 
developed glassy carbon, dy, = 4.0 A. The 
carbon in Allende is known to be more fully 
developed glassy carbon, dgo2 = 3.45 R, de- 
scribed as entangled ribbons of graphitic car- 
bon.® The Allende measurement is much like 
that of the well-developed glassy carbon in 
Fig. l(e). 

The 1360cm7* band is generally more intense 
than that at 1580 cm™* in the Raman spectrum 
of glassy carbons.° It is unlikely that par- 
ticle size is the most important factor in 
lowering the local symmetry in this material. 
This observation suggests that particle size 
approximations based upon the relative inten- 
sities of the 1360 and 1580cm™! lines in the 
graphite spectrum* are not useful for glassy 
carbons and natural materials that include 
turbostratic carbon.* Furthermore, just as 
for well-developed crystalline graphite, the 
overtone at 2700 cm7*+ is clearly observed in 
the Raman spectrum of glassy carbon and the Al- 
lende meteorite but is not apparent in Raman 
spectra of microcrystalline graphite or poorly 
developed glassy carbon. Another reason for 
caution in applying the particle-size calcula- 
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tion is that the 1580/1360cm * intensity ratio 
differs considerably with different excitation 
frequencies and the extent of this variation 
depends on the material, which shows the ef- 
fect that the electronic character has on var- 
ying the resonance enhancement of the two 
bands. 

The materials that are described as poorly 
developed glassy carbons can be further graph- 
itized by heating. For example, after heating 
the Murchison material at 1500 C in Ar for 0.5 
h, the Raman spectrum is nearly identical to 
that measured for the Allende material, in- 
cluding the overtone at 2700 cm*. The same 
1500 C temperature treatment of the Allende 
sample led to very little change in the Raman 
spectrum. These observations suggest that a 
major difference in the development of carbon 
in the materials studied is the temperature 
that they have experienced and support the 
surmise that the carbon in the Allende meteor- 
ite has experienced a much higher temperature 
than that in Murchison. The effects of tem- 
perature treatments for given time periods on 
the Raman spectra of carbonaceious extrater- 
restrial materials can indicate the maximum 
temperature experienced by that material. 

The Raman spectrum of the IDP included in 
Fig. 1 can be included in the classification 
by Walker et al.,?° as type b, equally intense 
1360 and 1580cm™* bands. They have identified 
their Essex, classified as an olivine parti- 
cle, as included in this category. It is in- 
teresting that the major mineral identified in 
the Raman spectrum in Fig. 1(a) is olivine. 

Micro-Raman measurements are clearly useful 


for characterizing carbon in IDPs. We have 
measured Raman spectra of a large number of 
materials containing carbon in order to corre- 
late with known structural characteristics of 
the materials and extend the utility of Raman 
measurements for obtaining structural informa- 
tion about carbon in IDPs. 
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FIG. 1.--Typical Raman spectra: (a) JDP SP-718, (b) Murchison meteorite, (c) 600 C PVDC car- 
bon, (d) Allende meteorite, (e) glassy carbon. 
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LASER RAMAN SPECTROSCOPIC STUDY OF THE OCULAR LENS IN RATS 


Yu-Ling Chen, Shu-Ling Chang, and Shu-Tin Ma 


In this paper we describe mainly the conforma- 
tional changes of lens proteins in galactose 
cataracts by laser Raman spectroscopy. 

Eye lens consists of water-soluble protein 
and water-insoluble protein.+ * Normal lens has 
a well-developed water-protein construction 
that efficiently transmits the visible light. 
When the water-protein structures undergo de- 
struction, the lens degrades in opacifica- 
tion and undergoes interference in vision. 
That is the cataract. Laser Raman spectros- 
copy has been used as a nondestructive probe: 
to determine the conformational changes of 
lens protein during opacification. We have 
obtained Raman spectra in normal and cataract 
Wistar rats. Due to the galactose metabolism, 
lens protein is subject to biochemical 
changes. Raman spectra obtained show no dif- 
ference between normal and opaque lens in the 
900-1700cm~? spectral region. They show the 
structural changes of lens protein during cat- 
aract formation. 


Materials and Methods 


Wistar rats weighing about 100 g were in- 
jected with a 50% galactose solution in the 
abdominal cavity twice a day. After 21 days 
of galactose injection, the lens underwent 
opacification. The lenses were removed from 
the eyeball in both normal and cataract cases 
and were immersed in a physiological saline 
solution and examined by laser Raman spectros- 
copy. The laser Raman spectrometer consists 
of a Spex 1403 double monochromator, a RCA 
type C-31034 photomultiplier tube, photon- 
counting electronics, and a Spex Datamate (mi- 
croprocessor). All spectra were recorded at a 
scan speed of 4 cm-’/s with 900 ym slit width 
and 2cm slit height, scan range 450-3200 em-?, 
The excitation wavelength at 514.5 nm (150 MW) 
was provided by a Spectra-Physics Model 2020 
argon-ion laser. 


Coneluston 


Laser Raman spectroscopy has many advan- 
tages for the study of the mechanism of lens 
opacification at the molecular level. First, 
Raman spectroscopy enables us to study struc- 
tural changes in the lends under normal physi- 
ological conditions. Second, almost the en- 
tire vibrational spectral region lends itself 
to the analysis of the aqueous lens. Detailed 
information about lens proteins can be ob- 
tained simultaenously from a single scan spec- 
trum in the 400-3200cm-? region. Third, Raman 
spectral bands of relatively high intensity 
can be obtained for the protein subgroups 
which reveal structural modification of the 
lens proteins during opacification. Biolo- 
gists have undertaken a number of successful 
investigations in this research area,*~* 


The authors are in the Institute of Bio- 
physics, Academia Sinica, Beijing, China. 


Figure 1 shows the Raman spectra of the nor- 
mal and the cataract lens. Figure 2 compares 
the Raman spectra of the normal lens with 
those of lenses of différing capacity. In the 
vibrational spectra of the region 900-1700 
cm-*, the amide I band at 1670 cm-? and the 
amide III band at 1240 cm-* show that the pep- 
tide backbones of lens protein in Wistar rats 
are in the antiparallel B-sheet conformation. 
We can observe that the vibrational frequen- 
cies and band shapes in this spectral region 
do not exhibit any difference between the nor- 
mal and the opacity lens. The intensity ra- 
tios Issv/Ie30 indicate the tyrosine doublet 
and Igsv/l76y indicates the change in the 
tryptophan doublet with increasing opacifica- 
tion in the 700-900cm-! region. Thus, Raman 
features have been used as a probe in studying 
the microenvironment changes of the tryptophan 
and tyrosine molecules. In addition, the 
changes of Iguu/Ie6z2 indicate tyrosine/phenyl- 
alanine residues and I257¢e/I273; from -SH seem 
to be correlated with the change of -S-S bonds 
in the 450-500cm-* region. Therefore, these 
results show that lens opacification is not 
associated with major conformational changes 
of protein secondary structure. The process of 
protein aggregation is not accompanied by 
major conformational changes of polypeptide. 
Instead, the protein aggregation causes micro- 
environmental changes of tyrosine and trypto- 
phan residues. The conformational changes of 
the subgroups -SH and -S-S-correlate with the 
modification of protein. Other intense Raman 
bands in the spectrum at 1006 cm-* (Phe), 1031 
em-+ (Phe), 1209 cm-? (Tyr), 1447 cm-? (CH, 
deformation), and 1547 cm-! (Trp) are insensi- 
tive to environmental changes.*-* So if we want 
to monitor the cause of cataract formation, we 
must closely notice these microenvironmental 
changes of the side chains of lens protein.. 
We have also observed that the fluorescence 
background is increased with the occurrence of 
opacification, we attribute to the light scat- 
tering from various metabolism products. 
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FIG. 1.--Raman spectra of normal and cataractous lens (in rat). 
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FIG. 2.--Raman spectra comparing normal rat lens with lenses of various degrees of opacity. 
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5A. Materials Science: 


Ceramics 


ELECTRON MICROSCOPY STUDIES OF SOME METASTABLE CERAMIC PHASES 


T. E. Mitchell, P. Pirouz, and A. H. Heuer 


Metastable phases are ubiquitous in ceramics, 
even in the so-called advanced ceramics being 
developed for such demanding applications as 
structural materials, electronic devices, and 
operation in hostile environments (or combina- 
tions of the three). Examples of such meta- 
stable phases include the following: 


(a) §6-SiC. This metastable form of SiC 
has the cubic sphalerite structure and forms 
commonly in gas-phase reactions. The stable 
form is a-SiC, which is a mixture of hexagonal 
and rhombohedral polytypes based on stacking 
sequences of Si-C tetrahedra. 

(b) Tetragonal Zr0O,. t-Zr0, is the meta- 
stable phase in the partially stabilized 
ZrO,'s (PSZs), where ZrO, is alloyed with such 
oxides as MgO, CaO, or Y,0,; the other phase has 
cubic symmetry (¢-Zr0,}. The stable low-tem- 
perature phasehas monoclinic symmetry (m-Zr0,). 

(c) y-Al203. This form generally refers 
to a variety of Al203 polymorphs which are 
spinel-related structures based on fcc anion 
packing with various cation occupancies. 
y-Al203 is formed by heating of Al hydroxides 
and oxyhydroxides or by oxidization of Al-con- 
taining alloys. The stable form is rhombohed- 
ral a-Al203, which is based on hcp anion pack- 
ing. 

(d) o-Si3N,. This metastable trigonal 
form of Si3Ny commonly occurs during reaction 
processing. It converts to stable rhombohed- 
ral 8-Si3N, during high-temperature exposure. 


There are many other examples. We describe 
examples of the first three, emphasizing par- 
ticularly the ways in which analytical and 
high-resolution electron microscopy have aided 
in understanding the influence of microstruc- 
ture on the stability of the various phases. 


B-StC Groum Epttaxtatly on St by CVD 


Aside from the attractive mechanical prop- 
erties of silicon carbide, this material also 
is interesting for its electronic properties. 
It has a high saturated drift velocity, good 
thermal conductivity, low dielectric constant, 
high temperature stability, and a large band 
gap, from v2.3 to v3 eV depending on the poly- 
type, which implies that semiconductor devices 
made from this material could be operated at 
high temperatures. However, a major problem 
arises in the growth of bulk SiC single crys- 
tals for semiconducting purposes, due to the 
very low stacking fault energy of SiC and the 
resulting uncontrolled mixture of polytypes 
which is detrimental to the electronic proper- 
The authors are at the Department of Metal- 
lurgy and Materials Science, Case Western Re- 
serve University, Cleveland, OH 44106. This 
research was supported variously by NASA, DOE, 
and AFOSR. The assistance of V. Lanteri, C. 
Chorey, and J. K. Doychak is gratefully ac- 
knowledged. 
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ties of the material. However, Nishino et 
al.?>* have succeeded in growing single crys- 
tals of B-SiC epitaxially on silicon substrates 
by chemical vapor deposition (CVD}. The 
thickness is limited to about 50 um, above 
which the epilayer starts cracking. We have 
recently been investigating the quality of the 
8-SiC grown by this technique at NASA-Lewis in 
Cleveland. 

Figure 1 is a low-magnification plan-view 
micrograph of a typical specimen grown by the 
CVD technique. A high density of stacking 
faults is observed, all lying on {111}. The 
stacking faults are generally of two types. 
The majority are much wider than the equilib- 
rium width and grow wider with increasing dis- 
tance from the Si/SiC interface. It is rare 
to see isolated stacking faults because, during 
growth, as their width increases, they inter- 
sect and produce stair-rod dislocations.* Thus 
the wide stacking faults are often bounded on 
one side by a stair rod and on the other side 
by a Shockley partial. A second type of 
stacking fault is also observed, which is of 
the equilibrium width. These faults arise 
from the dissociation of threading dislocations 
produced at the interface by the stresses due 
to the large lattice mismatch. 

Cross-sectional HREM has also been used to 
study the interface;*’> an example is shown in 
Fig. 2. A rough, irregular interface, misfit 
dislocations, and a high density of twins are 
the general features observed by this tech- 
nique. The lattice mismatch between the Si 
substrate and ®-SiC is 20%, which implies that, 
on geometrical grounds, there should be one 
misfit dislocation at every fourth lattice 
plane of the Si substrate. Over certain re- 
gions, this is indeed the case, although the 
regularity is soon broken down by the occur- 
rence of twinning." 

In the deposition of a compound semiconduc- 
tor, such as SiC, over (001) Si substrates, 
there are two ways in which the nuclei may de- 
posit. The first deposited atoms could be Si 
or they could be C. Islands grown from two 
such nuclei give rise to domains of different 
polarity and when two such islands meet, anti- 
phase domain boundaries (APBs) are produced. 
Chemical etching or thermal oxidation of B-SiC 
brings out the antiphase boundaries (Fig. 3). 
In the TEM, the APBs appear as irregular plan- 
ay defects, which show fringe contrast 
(Fig. 4). The different polarity of the neigh- 
boring domains has been demonstrated by the 
convergent—beam technique, by a method due to 
Taftg.° This effect is shown in Fig. 5, where 
the two CBED patterns from the two sides of an 
APB are presented. The intersecting Kikuchi 
lines in the 200 disk have opposite contrast, 
which indicates that the polarity has reversed 
when the boundary is crossed.’ 
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The Tetragonal Phase tn Y-PSZ 


The transformationof ¢-Zr0, to m-ZrO, is 
martensitic in nature and is accompanied by a 
volume increase of about 3%. It is detrimen- 
tal to the physical integrity of Zr0,-contain- 
ing ceramics but the addition of oxides such 
as MgO, CaO, or Y,0, is efficient in reducing 
Ms below room temperature. The behavior of 
such materials depends critically on the mi- 
crostructure, In this section we describe 
some observations on Y-PSZ, which has many 
commercial applications ranging from thermal 
barrier coatings (TBCs) to solid electrolytes 
(oxygen sensors, high-temperature fuel cells, 
etc.). 

Figure 6 shows the ZrO0,-rich portion of the 
phase diagram. ° The region in which we are 
interested, the ¢ + ¢ field (i.e., 4 ta 13 
wt% Y.,0;), has been studied by energy-disper- 
sive x-ray analysis (EDS)? and the phase rela- 
tionships were found to be in good agreement 
with the results of Scott.® Scott also point- 
ed out that alloys in the range of 4-12 wt%, 
when quenched from high temperature, have a 
fully tetragonal microstructure instead of a 
mixture of ¢-ZrO, precipitates in a @-Zr0, ma- 
trix, as predicted by the phase diagram. Fig- 
ure 7 shows the characteristic microstructure 
of an alloy (11.5 wt% Y,0;) annealed at 1600 C 
in the cubic field for 20 h and then air- 
quenched. The grain shown in the figure is 
entirely tetragonal but with a composition of 
11.5 wt% (determined by EDS), which leads us 
to conclude that at the annealing temperature, 
the microstructure is cubic and transforms 
upon cooling, by a displacive transformation, 
to a tetragonal solid solution (¢'-Zr0,)} with 
the same composition as the original cubic 
phase. Two features, characteristic of the 
¢-Zr0, phase, are readily visible on Fig. 7: 
(i) antiphase domain boundaries, which are due 
to the loss of symmetry resulting from the ¢ > 
t transformation;'® and (ii) deformation 
twins, formed to relieve the strains due to 
the transformation.'+ 

When the same specimen is slowly cooled to 
room temperature (~% 24 h) a quite different 
microstructure results (Fig. 8). The micro- 
structure is composed of small t-Zr0, precipi- 
tates in a cubic matrix, which have a tendency 
to align along <101>. (Note that three vari- 
ants are generated with c axes along the <001> 
cube directions.} With long annealing times 
in the two-phase field, the equilibrium micro- 
structure is developed (Figs. 9 and 10), con- 
sisting of large colonies of twin-related var- 
iants (c axes at 90° sharing the same {101} 
habit plane). This colony microstructure is 
very effective in reducing the overall elastic 
strain energy.+* The difference in the matrix 
microstructure results from the difference in 
cooling rate between the specimens of Figs. 9 
and 10. The slowly cooled specimen of Fig. 9 
has the same matrix microstructure as the 
specimenof Fig. 8, whereas in the quenched 
specimen (Fig. 10) the matrix, which was cubic 
at the annealing temperature, has transformed 
to ¢'-Zr0, upon cooling, with the formation of 
APBs. 

Figure 11 shows a high-resolution micro- 
graph near Scherzer defocus of the interface 


region between a colony and matrix. Both the 
cubic-tetragonal and tetragonal-tetragonal 
(twin) interfaces are coherent. This feature, 
along with the low strain energy of the colony 
configuration, are important factors in the 
"stability" of these metastable structures. 


y-Al,03 Formed by the Oxidation of B-NiAT 


The formation of y-Al2O3 and its transfor- 
mation to a-Al203 has been studied by the oxi- 
dation of cubic 8-NiAl at 800 C and 1100 C. 
y-Al2O3 is ideally written as Alg/39,/304 
where 0 represents a cation vacancy in the 
M30, spinel structure; 2/3 of the cations are 
on octahedral sites, 1/3 are on tetrahedral 
sites, and the vacancies are distributed at 
random. In §-Al203, there is some ordering of 
the cations and vacancies to form a tetragonal 
structure consisting of three spinel unit 
cells. In 9-Al203, there is distinct ordering 
such that the cations are distributed equally 
on the octahedral and tetrahedral sites and 
the resulting structure is monoclinic. The 
rhombohedral a~-Alz03 is completely different, 
with hep anion stacking and only octahedral 
cation occupancy. In addition, the y > a 
transformation is accompanied by a 15% reduc- 
tion in volume, 

The initial formation of y-Alo03 at 800 C 
is epitaxial. In the example shown in Fig. 12, 
the original (001) B-NiAl substrate has been 
back-thinned away, leaving an oxide with a 
10nm "domain'' size. The fringes in Fig. 12 
are due to moiré effects between domains, and 
to faulting. The corresponding SAD is shown 
in Fig. 13; its complexity is due to the many 
variants of y-Al203 present and to the fact 
that cation ordering has occurred (e.g., the 
y > 6 transformation). This feature has been 
demonstrated by microdiffraction from single 
domains; the example in Fig. 14 can be inter- 
preted as 6-Al203 but other examples appear to 
show additional ordering.?? 

With increasing oxidation time, further or- 
dering occurs and 6-Al,03 becomes evident, not 
only in the diffraction pattern but also be- 
cause of its plate-like morphology. This or- 
dering is particularly dramatic in the early 
stages of oxidation at higher temperatures 
(1100 C), as shown in the SEM picture in Fig. 
15. a-AloO3 does not form at 800 C; even at 
1100 C, it is only observed after the alloy is 
completely covered with 6-Al203. The resulting 
microstructure is shown in the SEM picture 16, 
which has been described as "lacey.'7* It 
might more properly be called a "cobweb"' struc- 
ture, since it has radiating arms and peripher- 
al ridges and clearly forms by a nucleation and 
growth process. The nature of the transforma- 
tion is shown in the STEM picture in Fig. 17 
and the TEM picture in Fig. 18. These and 
other observations indicate that the 9 > a 
nucleates at widely spaced positions in the ox- 
ide; the volume decrease causes radial cracks, 
which then heal with formation of polycrystal- 
line a-Al203 to form the radial ridges. The 
transformation spreads out radially, sweeping 
the impurities into the peripheral ridges of 
the oxide film. The high density of voids, 
dislocations, and low-angle boundaries in Pig. 
18 are a result of the 15% volume decrease.? 
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FIG. 5.--CBED patterns from two sides of APB in 
8-SiC, Note contrast reversal of intersecting 3000 
Kikuchi lines in 200 disk. 

FIG. 6.--Zr02-rich portion of Zr02-Y203 phase 
diagram. ® 

FIG. 7.--Dark-field micrograph using a tetra- cari | 
gonal reflection of a 11.5 wt% Y203 specimen, 
annealed at 1600 C for 20 h and then quenched. 


FIG. 8.--Dark-field micrograph of same speci- 2000 
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FIG. 12.--Dark-field image of 
, Al2Q3 scale back-thinned from 
8-NiAi substrate after oxidation 
for 1 h at 800 C. 
FIG. 13.--SAD pattern of general 
area of Fig. 12. 
| PIG. 14.--Microdiffraction pattern 
from single domain in Fig. 13. 
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FIG, 15.--SEM image of 6-Alo03 
plates grown on 8-NiAl oxid-- 
ized for 1 h at 1100 C. 

FIG. 16.-~SEM image of ''lacey" 
a~AloO3 scale grown on B- NiAl 
oxidized for 100 h at 1000 C. 
FIG. 17.--STEM BF image of 
back-thinned specimen of Fig. 
16. 

FIG. 18.--TEM BF image of same 
specimen as Fig. 17, showing 
radial rexture emanating from 
transformation center at top 
left. 
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MICROANALYSIS OF POLYTYPOID CERAMICS BY IMAGING, 
DIFFRACTION, AND SPECTROSCOPY 


K. M. Krishnan and G. Thomas 


Combined atomic resolution imaging, microdif- 
fraction, and energy dispersive x-ray micro- 
analysis suggest that the 32H polytypoid in 
the A1N-Al,0, pseudobinary system is in fact a 
7:9 periodic intergrowth of the 21R and 27R 
polytypoids. Furthermore, these combined 
techniques verify that the cation/anion ratio 
is 16/17 and that this ratio defines the poly- 
typoid precisely. 

The processing of structural ceramics gen- 
erally involves additions that modify the 
structures, their interfaces, or both. Well- 
known examples are oxide additives to sintered 
or hot-pressed Si3;N,, which produces inter- 
granular glassy and/or crystalline phases. 

The avoidance of glassy phases is necessary 
for optimum refractory performance.? On the 
other hand, it has been shown that a variety 
of compositions in the Al203-AIN pseudobinary 
system can be successfully processed to almost 
theoretical densities without the use of addi- 
tives.? In addition to the fact that the end 
members of the above composition-tieline are, 
independently, potential candidates for ad- 
vanced structural applications, the system is 
of fundamental importance because the various 
microstructures are largely anion con- 
trolled.% However, at either end of the phase 
diagram, small additions of the other end mem- 
ber result in a variety of modulated struc- 
tures based on the wurtzite (ALN-rich end) 
structure’ and having anisotropic grain shapes 
elongated parallel to the (0001) fault plant 
in the above structure (P6,mc). 

An assortment of modulated structures at 
the AlN-rich end of the Al,0,-A1N phase dia- 
gram, called compositional polytypes or poly- 
typoids, including Si0s sintered A1N° have 
been reported. *~? It has been argued that the 
structures of all these polytypoids are strict- 
ly determined by their composition and a spe- 
cific cation/anion ratio can be associated 
with each structure. However, the composi- 
tions identified with a particular structure 
are contradictory*’® and the experimental con- 
firmations are often incomplete.” 

Recent studies of the AIN-Al,0, system pro- 
duced by reaction sintering resolved a new 
polytype, 32H.©° This paper reports a further 
study by high-resolution imaging, microdif- 
fraction, and energy-dispersive x-ray spec- 
troscopy made in order to understand this sys- 
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tem and to probe directly whether the predict- 
ed cation/anion ratio of 16/17 for the 32H 
structure--which assumes ideal charge balance 
in the absence of point defects--is in fact 
valid. 


Experimental Procedure 


Samples of a nominal starting composition 
of 95 mol% AIN (rest Al,0,) and an actual com- 
position of 85 mol% AIN were prepared by a 
reaction-sintering process.* The starting 
powders were ball-milled with an ethanol fluid 
medium for 24 h, isostatically pressed at 
25 000 psi, and prereacted at 1200 C for 24h 
in gas-tight flowing nitrogen before final 
sintering. Final reaction sintering was then 
carried out at temperatures of 1950-2100 C for 
1h in an inductively heated graphite furnace 
with flowing nitrogen. 

We prepared TEM specimens by cutting thin 
slices of the ceramic with a diamond saw, 
grinding and polishing to form 40ym-thick 
slices, and ion-milling to perforation by use 
of argon ions accelerated through a potential 
of 5 kV. The specimens were coated with a 
thin layer of evaporated carbon to avoid sur- 
face charging. They were then examined in a 
JEOL 200CX TEM operating at 200 kV by conven- 
tional SAD, CBED, and phase-contrast-imaging 
techniques. Optical microdiffraction was car- 
ried out from small regions of the photograph- 
ic negative with a He-Ne laser. The micro- 
analysis was carried out on another dedicated 
JEOL 200CX analytical electron microscope fit- 
ted with an dtrathin-window detector (resolu- 
tion, FWHM = 109 eV for F K, x rays}. EELS 
was also studied but the x-ray data proved to 
be superior. The k-factors required for the 
microanalysis were all determined experimental- 
ly.? Finally, structure images were obtained 
by use of the JEM Atomic Resolution Microscope 
operating at 1000 kV, with a demonstrated 
point-to-point resolution of 0.16 nm. 


Results 


Figure 1 shows a selected area diffraction 
pattern, conventional lattice image, and an 
optical diffractogram from a region of the sam- 
ple of a 32H polytypoid structure. The posi- 
tion of the 010 spot with respect to the trans- 
mitted beam in the SAD (Fig. la) confirms the 
hexagonal stacking sequence. From the dif- 
fraction pattern, the repeat distance along the 
c-axis can be calculated to be 8.3 nm for this 
polytypoid. However, the lattice image 
(Fig. 1b) and the accompanying optical diffrac- 
togram (Fig. 1C) both show a spacing of 4.3 nm. 
The discrepancy is not surprising, for the nH 
polytypoids in this system normally consist of 
two blocks of n/2 layers related by a c~glide 
plane, * as verified in Fig. 2, which shows ga 
CBD pattern oriented such that the c-axis is 
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FIG. 1.--(a) SAD pattern of 32H polytypoid structure taken such that c-axis is perpendicular to 
incident beam. Reflections corresponding to 00.32 reflection indicate that c = 8.3 nm. (b,c) 
Lattice image and corresponding optical diffractogram from same region of specimen: 4.3nm 
fringes corresponding to half unit cell reveal presence of c-glide plane. 

FIG. 2.--CBED pattern taken with incident beam parallel to c-axis; diameter of FOLZ ring con- 
firms a c-repeat of 4.24 nn. 

FIG. 3.--Typical EDX spectra acquired with KEVEX UTW detector. Accompanying microanalysis 
based on experimentally determined k-factors confirms cation/anion ratio of 16/17. 

FIG. 4,--Atomic resolution image of 32H polytypoid at 1000 kV: 32H structure is actually due to 
parallel intergrowth of 21R and 27R polytypoid structures. 
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parallel to the incident beam. Based on the 
radius of the FOLZ ring, G , the periodicity 
along the c-axis is calculated to be 4.2 nm, 
which confirms the above structural predic- 
tions. However, this CBD pattern was obtained 
with a 60nm-diameter probe and hence the in- 
formation obtained is averaged over a much 
larger area than that of a unit of the 32H 
structure. When direct imaging with atomic 
resolution is used (Fig. 3), a periodicity is 
resolved that can be sequenced as alternate 
[7:9:7:9] repeats. This result can be inter- 
preted as parallel intergrowths of the 27R 
(c = 7.2 nm) and 21R (c = 5.7 nm) polytypoids. 
Clearly adjacent units of 27R plus 21R add up 
to the 32H repeat unit. A detailed interpre- 
tation of these images would require simula- 
tions for a predicted structure of the unit 
cells. Image calculations by use of the mul- 
tislice method?® are currently in process. 
Similar intergrowths have also been observed 
in the SiC polytype structures.?° 

For further analysis, one must measure the 
cation/anion ratio. A typical EDS spectrum 
obtained from a 32H region of the sample is 
shown in Fig. 4. The analysis, carried out 
with carefully determined experimental k-fac- 
tors,® suggests a composition of 47.9 at.% Al, 
13.8 at.% O and 38.3 at.% N. Within experi- 
mental error (13% in the microanalysis) the 
anion/cation ratio measured (1.08) is in agree- 
ment with the theoretically predicted ratio 
(17/16 = 1.06). Unlike previous erroneous at- 
tempts,’ in which a combination of EELS (with 
approximately 30% error in analysis) for the 
study of anions and EDXS for the study of the 


cations was used, this evidence conclusively 
supports the view that the ratio defines the 
polytypoid. In addition, direct atomic reso- 
lution imaging indicates that the structure is 
not a new 32H phase but periodic 7:9 inter- 
growths of 21R and 27R. 
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OXYGEN BUBBLE FORMATION IN NUCLEAR WASTE GLASSES BY GAMMA IRRADIATION 


J. P. Heuer and D. G. Howitt 


The formation of oxygen bubbles in nuclear 
waste glass by irradiation is well docu-*’* 
mented and has been shown to be induced pre- 
dominantly by ionization damage which produces 
free oxygen. However, there is a large dis- 
crepancy between the fluxes (dose rates) used 
in these initial experiments?’* and those 
characteristic of actual nuclear waste glasse- 
es. In this paper, we present some results of 
the gamma irradiation of these glasses at dose 
rates comparable to those expected in the ac- 
tual waste glasses. 


Experimental 


The glasses used in these experiments were 
borosilicate glasses of the type proposed for 
the containment of defense wastes. The glass- 
es were prepared at the Savannah River Labora- 
tories; their particular compositons are shown 
in Table 1. Four different glasses were eval- 
uated and specimens of each type of glass were 
irradiated at a common flux to various flu- 
ences. The glass samples were prepared for 
irradiation by cutting of thin sections from 
the bulk, with a diamond saw and glycerol used 
as a cutting medium. These sections were pol- 
ished to a thickness of 100 um by 600 grit pa- 
per. The samples were then reduced to 40 um 
by a dimpling machine. At this stage, the 
samples could be ion milled to perforation for 
evaluation by transmission electron micros- 
copy. The samples were irradiated both as 
40um disks and as ion milled thin specimens. 
The glasses were irradiated to five different 
fluences ranging from 2 x 10° to 1.3 x 10° 
rad at a dose rate of 2.5 x 10° rad/h. This 
rate was meausred by thin-film radiochromic 
dosimeters.* The temperature in the gamma 
pond was 100 + 2 C, as measured by a thermo- 
couple. The glasses that were irradiated as 
thin specimens were heavily contaminated even 
at the lowest fluence (2 x 10° rad) and had to 
be ion milled for approximately 30 min for the 
structure of the glass to be revealed, The 
specimens were carbon coated prior to evalua- 
tion in the electron microscope to facilitate 
charge dissipation. The transmission electron 
microscopy of these specimens was performed at 
minimal electron dose to the specimens to dis- 
tinguish the early stages of oxygen bubble 
formation. Ail the micrographs were taken at 
doses substantially lower than that which 
could induce bubbles by electron damage in the 
unirradiated foils. 


Results 


The micrograph of Fig. 1 shows the micro- 


The authors are at the University of Cali- 
fornia (Department of Mechanical Engineering), 
Davis, CA 95616. Work is supported by U.S. 
Department of Energy Contract DE-AC09- 
765RO0001. They thank Dr. N. E. Bibler at the 
Savannah River Laboratories for conducing the 
gamma irradiations. 


225 


structure of the Hi Al glass irradiated to a 
dose of 5 x 10° rad at 2.5 x 10° rad/h. This 
microstructure is similar to that observed in 
all four glasses. The bubble distribution 
from gamma radiolysis is clearly much finer 
and more uniform than the microstructure in- 
duced by the in situ electron irradiation of 
these glasses in the electron microscope 

(Fig. 2). This difference can be attributed 
to the uniformity of the gamma radiation and 
the absence of surface effects, which permit 
the bubble distribution to extend to the edge 
of the foil. This is not the case in electron 
radiation. * 

Because the microstructure is so uniform 
for the gamma irradiations, it is possible to 
determine from the micrographs the threshold 
dose and saturation dose for the formation of 
bubbles. Figure 3 shows the bubble density as 
a function of the total dose received at a 
constant flux. These fluences are 10° times 
lower than those associated with electron ir- 
radiation. ° 


Discusston 


As can be seen from Fig. 3, the four glass- 
es showed similar response to the gamma irra- 
diations and no substantial effect could be 
attributed to the composition variation. It 
is apparent that as the dose rate of the irra- 
diation approaches the values that are antici- 
pated for nuclear waste containment, the 
glasses appear to be more sensitive to irradi- 
ation and form oxygen bubbles more reproduci- 
bly than from the more accelerated electron 
irradiations. Furthermore, since the micro- 
structures of these glasses were all similarly 
altered, it would seem that slight modifica- 
tions to the glass composition to not give 
rise to dramatic increases in sensitivity. 

The difference in bubble formation effi- 
ciency correlates well with the decrease in 
the energy deposition rate when compared to 
the electron and ion irradiation studies that 
have already been done. For example, DeNatale 
and Howitt? found the oxygen bubble formation 
threshold to be 6 x 107? rad at a flux of 1075 
rad/h in the electron case, where our studies 
show the threshold to be approximately 3 x 108 
rad at 2.5 x 10° rad/h. It is likely that 
this difference in efficiency is in part due 
to the reduced amount of defect recombination 
at the low dose rates, since the defect anni- 
hilation is proportional to the concentration 
of defects present. 

Previous studies of the composite nuclear 
waste glass have shown that gamma irradiation® 
does not substantially affect its durability. 
The fluences in those studies were 8 x 102° 
rad and leach tests were performed on irradi- 
ated and unirradiated samples. The results 
indicated that the change in leach rate was 
less than a factor of 2. However, the micro- 
structure of those glasses were not evaluated 
and we are currently irradiating samples large 


q 
q 
e 
4 
3 
4 
q 
a 
3 
4 
ef 
EY 
4 
4 
q 
a 
4 
4 
4 
8 
4 
4 
q 
8 
4 
4 
q 
4 
4 
q 
q 
4 
4 
q 


enough to be leached and also examined for 
bubble formation. 


Summary 


From our studies it is apparent that for a 
fixed irradiation dose the efficiency of oxy- 
gen bubble formation increases substantially 
as the dose rate is reduced. It is also clear 
that the composition variations of these types 
of glasses are less significant at the lower 
dose rates, so that it should be possible to 
predict the irradiation sensitivity of nuclear 
waste glasses with reasonable certainty. 
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FIG. 1.--Oxygen bubbles formed by gamma 
irradiation. 

FIG. 2.--Oxygen bubbles formed by in situ 
electron irradiation. 

FIG. 3.--Oxygen-bubble formation as function 
of total gamma radiation dose received. 
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TABLE 1.--Chemical composition of the simulated 
nuclear wastes used in this study. 


AMOUNT (WT% > 


COMPONENT 165 H1 AL COMPOSITE Hi FE 
FeeOs 12.30 3.96 12.54 17.61 
41-03 4.10 144.15 4.65 0.42 
MnO» 2.90 3.24 3.32 1.19 
NiG 0.90 0.57 1.07 3.01 
Si0e 35.10 aS 77 50.43 48.60 
Cad 1.56 0.26 1.50 1.19 
Na-O0 10.30 10.70 9.02 10.89 
BeOs5 6.60 7.13 6.94 7.02 
MgQ 0.80 O.71 0.69 0.70 
LieD 4.99 4.86 4&1 
Zeolite 2.93 2.05 2.89 
Coal 0.6& 0.31 0.63 
Nae SO, 0.c0 0.12 0.24 
UsUs 4.60 

ZrO. 1.20 

Na-CO. 1.50 
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THE MICROSTRUCTURE OF EXPLOSIVELY DEFORMED ALUMINA 


D. G. Howitt, J. P. Heuer, P. V. Kelsey, and J. E. Flynn 


The explosive shock loading of materials can 
produce very large hydrostatic pressures in an 
extremely short period of time. This very 
high strain rate deformation is capable of in- 
ducing intense defect microstructures. For 
example, it is apparent that metals can be 
hardened by shock loading to three or four 
times the levels that can be otherwise 
achieved.* It is also apparent that these 
high rates of strain are associated with sub- 
stantial temperature variations; the formation 
of shear bands (local regions of particularly 
high slip) is frequently observed. | 

In metals it has been shown that disloca- 
tion arrays, stacking faults, and twins can 
all contribute to this residual strengthening 
and that there is a correspondence between the 
stacking fault energy and the type of micro- 
structure that forms.? Dislocation cell 
structures, for example, seem to be favored 
when the stacking fault energy is high (60 
mJm~* for Cu and Ni) and planar dislocation 
arrays and twins are favored, at least in FCC 
metals, when the stacking fault energy de- 
creases. 

The types of defect that form in metals are 
quite similar to those induced at more conven- 
tional strain rates; however, the morphology 
is different, as is particularly noticeable in 
the intense dislocation activity that results 
in the formation of shear bands. This local 
slip plane activity, which produces extremely 
high shear strains, is sufficient to induce 
plastic instability. The presence of these 
shear bands has been generally attributed to a 
thermal softening of the material caused by 
the heat generation during plastic deforma- 
tion. This conversion of mechanical energy to 
heat is probably very rapid and is generally 
regarded as an adiabatic effect. The local 
deformation could be conceivably self-perpetu- 
ating for the particular slip system,? al- 
though it is also likely that the thermal en- 
ergy is derived from an alternative mechanical 
effect. 

Experimental observations of the micro- 
structure of explosively compacted alumina 
has shown that dislocation arrays, similar in 
some respects to the shear bands observed in 
metals and twins, are present in the micro- 
structure of compacted bodies that have 
achieved a density of about 90% of theoretical 
The experimental observations presented here 
are of the microstructure that is produced by 
the explosive shock loading of an alumina 
monolith. In this case the material is re- 
duced to a powder. It is the microstructure 
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of these remnants that has been evaluated. 
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Expertmental 


A monolith of fine-grained alumina (ALCOA 
RD99) was explosively shock loaded by a flyer- 
plate technique in the maner described by 
Murr.? The shock pressure was recorded as 20 
Gpa for 4 us and the resulting powder was 
evaluated by transmission electron microscopy. 
The fine powder was examined by evaporation of 
an alcohol suspension onto a thin carbon film, 
which directly provided regions of sufficient 
electron transparency. Larger fragments were 
cut and polished into thin sections and then 
ion milled to electron transparency. 


Results 


The microstructure of the residual alumina 
powder contained a high density of disloca- 
tions and twins. A substantial proportion of 
the deformation was concentrated in planar 
dislocation arrays similar to those observed 
in low stacking fault energy alloys. The ma- 
jority of these arrays were in the basal plane 
(Fig. 1), but there was evidence of the forma- 
tion of cellular dislocation structures and 
twins (Fig. 2). The twin structures were also 
similar to those observed in metals, and both 
these features, as well as fine microcracks 
(Fig. 3), were similar to the microstructure 
of the compacted alumina observed by Yust and 
Harris.* 

The microstructure of the undeformed alumi- 
na was particularly uniform, composed of eqi- 
axed grains of about 1 um in diameter with al- 
most no detectable glass phase or defects 
(Fig. 4). This result is in sharp contrast to 
the microstructure of the explosively deformed 
structure, which showed a substantial varia- 
tion in grain size and a fairly high propor- 
tion of glass phase. 


Discusston 


The microstructure observed in the explo- 
sively loaded monolity is similar in many re- 
spects to the residual microstructure of the 
compacted powder observed by Yust and Harris.* 
This is specifically true of the shear band 
activity, which we observed in both the fine 
powder residue and in the interior of the 
large fragments, The substantial differences 
between the grain sizes of these fragments and 
the original material and the increased pro- 
portion of glass phase suggest that substan- 
tial temperature increases have been induced 
during the deformation of the monolith. 
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FIG. 1.--Bright-field micrograph showing shear 
bands in basal plane of alumina, Slip plane 
is inclined v15°; dislocations are closely 
stacked and form shear bands. Diffraction 
vector is (3300). 

FIG. 2.--Bright-field micrograph of same re- 
gion as in Fig. 1 but in (2113) reflection, 
with shear bands oriented normal to foil 
plane. Shear bands and contrast from dislo- 
cation array in the prismatic plane are clear- 
ly visible. Glass phase separating alumina 
grains is also more clearly visible (arrow). 
FIG. 3.--Bright-field micrograph of microcrack 
which traverses an alumina grain. 
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FIG. 4.--Bright-field micrograph of grain structure of 


alumina prior to deformation. 
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CRYSTALLINE PHASES OF THE SIMULATED ICPP NUCLEAR WASTES 


H. W. Chan, D. G. Howitt, and A. B. Harker 


The principal factors in the consolidation of 
high-level nuclear waste (HLW) are the pro- 
cessed volume and the waste loading of the fi- 
nal consolidated form. The glass waste forms 
that have been identified for the storage of 
defense and commercial wastes are limited to 
practical loadings of about 33 wt% with a max- 
imum density equal to 3 g/cm*. Polyphase ce- 
ramic waste forms, on the other hand, have 
been reported to offer up to 65 wt% waste 
loading with densities as high as 4 g/cm‘. 

The waste form described here is a combination 
of both ceramic and glass which can accommo- 
date up to 80 wt% of the HLW from the Idaho 
Chemical Processing Plant (ICPP). The composi- 
tion of the final waste form is shown in Table 
1; it has a consolidated density of 3.6 g/cm*, 
which includes the inert phases such as CaF,.+* 
These wastes have been prepared with two dif- 
ferent frits, silica-Y,0,; and silica-Li,0, and 
samples of both final waste forms have been 
examined by electron microscopy. 


Experimental 


Simulated ICPP waste was prepared with ni- 
trates of the individual components combined 
with inert CaF, powder. The mixture was then 
calcined and hot pressed isostatically 
(HIPped) in Ar at a temperature of 1000 C and 
a pressure of 20 ksi. The specimens were sec- 
tioned and polished to 3 mm round disks and 
ion milled to perforation to use as electron 
microscopy specimens. These thin specimens 
were carBon coated to enhance charge dissipa- 
tion and examined in the microscopes at 100 
and 1500 keV. 


Microstructures 


The microstructures of both the silica-Y,0, 
and silica-Li,0 based waste forms contain a 
high-silica glass and various ceramic phases. 
The principal crystalline phases of the sili- 
ca-Y,03 waste are cubic calcium fluoride 
(CaF,) and monoclinic zirconia (Zr0,). There 
are some other minor phases which include 
cubic zirconia and zirconium suboxides that 
have been reported in the ASTM card file. The 
amorphous phase has not yet been optimized and 
is principally single phased. The Li20 waste 
has a similar microstructure, but the phase- 
separated glass has not been found, and there 
is a substantial amount of zircon (ZrSi0,4) 
which depletes silica from the glass phases. 

The most abundant component in both ICPP 


Authors Chan and Howitt are at the Univer- 
sity of California (Department of Mechanical 
Engineering), Davis, CA 95616; author Harker 
is at Rockwell International Corporation, 
Thousand Oaks, CA 91360. This work was sup- 
ported by the U.S. Department of Energy, Idaho 
Operations Office. 
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waste forms is cubic CaF, (Fig. 1). In this 
particular case, it is adjacent to a glassy 
region which does not exhibit any diffraction 
contrast. The CaF, phase can exist in one of 
two forms. It is present as the original CaF, 
powder, which remains as large spherical par- 
ticles, or it can also recrystallize, in which 
case it invariably contains zirconia parti- 
cles.? 

Figure 2 illustrates the microstructure of 
the CaF, phase found in a melter waste glass 
based on the same calcine.* The melter glass 
is just a waste glass consolidated by melting 
the frit with the calcined waste followed by 
slow cooling. Obviously, the CaF, in the 
waste glass is still partially in solid solu- 
tion with the glass phase and is not a single 
phase as it is after HIPping (Fig. 2). This 
behavior is consistent with phase stability 
predictions of the nuclear waste system;* 
i.e., the CaF, is expected to be found in 
solid solution as well as a single phase de- 
pending on the temperature of processing and 
the waste loadings. 

Under the HIPping conditions used to pre- 
pare these ceramics, monoclinic zirconia is in 
fact the favored form rather than the cubic 
one.? Figure 3 shows the various morphologies 
of the monoclinic ZrO, in both waste forms 
with the corresponding selected-area diffrac- 
tion patterns. Indexing of these patterns 
shows that some of the reflections correspond 
to the hexagonal Zr;0 as well as the mono- 
clinic ZrO, (Fig. 4), although the existence 
of the hexagonal form is rather doubtful. In 
addition, there are tweed and twin type micro- 
structures present in the ZrO, particles which 
suggest that a transformation from the cubic 
to the tetragonal and monoclinic polymorphs 
occurs during cooling.*~°® 

The cubic form of ZrO, exists in the yttria 
based waste forms as fine crystallites distrib- 
uted in the other major phases such as CaF, 
(Fig. 5). The corresponding diffraction pat- 
tern from a large number of such cubic crys- 
tals can be straightforwardly identified. 
Moreover, other similar diffraction patterns 
show the coexistence of the tetragonal and cu- 
bic polymorphs. According to Heuer et al., 
bulk cubic zirconia is stable only from the 
melting point of 2680 to 3740 C when the tetra- 
gonal phase usually forms.® During cooling, 
the tetragonal polymorph precipitates from the 
cubic fluorite positions along the <100> direc- 
tions." The cubic phase is well known to be 
stabilized by the addition of Y,0;,+°? which 
in turns reduces the transformation tempera- 
ture. Nonetheless, at room temperature, the 
monoclinic form is thermodynamically stable, 
and the cubic form transforms to the monoclinic 
one when the Y,0,; concentration drops below 8 
mole %.° We have not been able to identify 
the cubic zirconia in the silica-Li,O frit 
ICPP waste, but the x-ray powder diffraction 
pattern suggests that a small amount of this 


LE 


+ 
g 
F 


€ 


% 


Attached diffraction 


ic 


irconia part 


Note that ring-type diffraction suggests that CaF2 
les. 


N 
7 re 44 
j o 
3 . 
i oO val 
2 bad < 
: ny 
a2 
3 = ae 
: ma 3 :- oc 
2 on H 
; nn O -» 
: Set |< sete 
4 oe “4 
: 20 a 
F fas) ae) 
a ‘d Oo a4 
: Hp Oe 
a PW “4 
: pia Wo 
: az o 
a fi woN 
wo oH Ho 
: oo oO 4 
ah . od 
mre =| 
dO Dm 
wa+ o 
4 fe Ww 
i BEC ol 
| Peas 
2 om" 
| HH YP ee 
: 7) ww 
: ovoAHM™M 
nH HS 
oc G UO Ob. 
aS ‘dH Of 
GA Hex 
mm hy 
SOs we 
: on 
3a Son 
ee S5"E28 
Foe a 
1 tem ot 
aane & 
pb o 
oo oe we 
UUH UO wp 
HH eH 
mH oh Ay 
Laon 


231 


phase is present. However, the major differ- 
ence between the two forms is the presence of 
zircon in the Li,O frit waste. Under the SEM, 
this phase appears as a large single crystal 
with a rectangular morphology; its TEM micro- 
graph is shown in Fig. 6. 


7. 


A. H. Heuer and M. Rtthhle, "Phase trans- 


formation in ZrO, containing ceramics," Ad- 
vanees tn Ceramites (Science and Technology of 
Zirconia II} 12: 1-5, 1984. 


TABLE 1.--Reference compositions for JCPP waste 


ceramics. 80 wt® Waste 80 wt% Waste 
Summary 20% Y,0, Frit 20% Li,0 Frit 
: : . 2r0, 17.13 17.13 
: TEM analysis of simulated ICPP high level 2 
3 ita f ; CaF 41.77 41.77 
i waste shows that the silica-yttria frit-based ain 571 pen 
: waste contains cubic CaF,, monoclinic Zr0,, mee a asi 
and different glass phases. There are also te acae dxe 
minor phases such as cubic ZrQ, and suboxides BO 3.32 3.32 
of Zr and Cr. The silica-Li,0 frit-based me 3.01 3.01 
waste has the same basic microstructure except bah 2.06 2.06 
that the glass does not appear to phase sepa- ry 0.44 0.44 
rate, and there is a substantial amount of Ce,0, 
zircon, ZrSi0y. U,0, 1.20 1.20 
Cs,0 
2 
References Sr0 
; : Fe,0 0.09 0.09 
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Material: ICPP 
Phase: Monoclinic Zr04 


Zone axis: [1172] 


Material: ICPP 
Phase: Hexagonal zr30 
Zone axis: [1210] 
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FIG. 4.--Analysis of diffraction pattern from 
Fig. 3{b). 


Zircon 


FIG. 5.--Cubic ZrO, from yttria-based waste form. FIG. 6.--Zircon 
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from lithia-based waste form. 
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A MICROSTRUCTURAL STUDY OF ALUMINUM-6-ALUMINA COMPOSITES 


W. J. Clegg, I. Horsfall, and N. A. Briscoe 


In this paper we describe the microstructure 
of aluminum-base_ Matrix composites containing 
6-A1l,0, fibers and prepared by squeeze infil- 
tration. We show that the melt around the fi- 
bers solidifies last, so that the interfacial 
region around them is rich in solute. For 
specific solutes, such as magnesium, this se- 
quence can lead to changes in the interfacial 
strength. Electron microscopy shows that mag- 
nesium can be absorbed into the surface layers 
of the fiber without the formation of contin- 
uous interfacial phases. 

That metal matrix composites are now at- 
tracting considerable interest as structural 
materials of high specific stiffness and 
strength is due to the development both of 
new, cheap reinforcing materials such as A120; 
fibers and SiC whiskers, and of suitable fab- 
Yication methods that yield composites free 
from gross flaws, with intimate contact be- 
tween the fiber and the matrix. Of these 
methods perhaps the simplest and most economi- 
cally attractive is that of infiltrating a 
suitable mat of fibers, or preform, with li- 
quid metal. 

Despite the technological interest in this 
process, very little work has been carried out 
to determine how the microstructure of such a 
composite is developed during fabrication. In 
this paper we have studied the microstructure 
of aluminim alloy matrix composites contain- 
ing fibers of 6-Al203 and prepared by squeeze 
infiltration. We have emphasized the role of 
the fibers in determining the solidification 
of the matrix and the effects it has on the 
interfacial region between the matrix and fi- 
ber in terms of chemical composition and prop- 
erties. 


Eaperimental 


Composites were prepared by squeeze infil- 
trating preforms of "Saffil'' RF-grade fibers 
(6-Al203 fibers from ICI) with liquid metal. 
The fibers are about 3 mm in diameter and are 
chopped and milled to give a length of about 
500 um. The composition is a 6~-Al203 contain- 
ing about 5% SiOz, uniformly distributed 
throughout the fiber. The fibers are then ar- 
ranged in a planar random array, with a silica 
binder used to give the preform some handling 
strength. 

The melt was superheated by about 200 C be- 
fore being infiltrated into the preform under 
a pressure of about 20 MPa. The details are 
described elsewhere.’ Microstructural analy- 
sis was carried out on polished sections by 
both optical microscopy and SEM and by TEM on 
thin foils prepared by grinding to about 70 
um and then ion milling. 


The authors are at Imperical Chemical In- 
dustries, Runcorn, England. 
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Results and Discussion 


The fiber distribution in the composite is 
similar to that in the preform; the planar 
random nature is quite clearly seen in Fig. 1, 
showing polished sections both parallel and 
perpendicular to the fiber plane for an Ai-2.5 
wt% Mg matrix. Figure 2 shows a squeeze cast 
section of some of the unreinforced material. 
The most striking feature is the considerable 
grain refinement that occurs in the fiber-con- 
taining material. At first we thought the 
cause was that fibers acted as nucleating 
sites for the matrix grains.? Further work on 
a material containing only 0.05 volume frac- 
tion of fibers showed that this was not the 
case. As shown in Fig. 3, there is a transi- 
tion from fine-grained to coarse-grained ma- 
terial within the fiber-containing region of 
the composite. This transition suggests that 
the differences in grain structure arise from 
differences in the undercooling of the melt 
down the composite; i.e., we assume that the 
fibers absorb heat very rapidly from the 1i- 
quid metal as the melt front passes through 
the preform. The part of the melt that passes 
through the preform first (and finishes up at 
the bottom of the preform) Has a greater under 
cooling than that which passes through the 
preform slightly later on, as the fibers 
through which it passes are now preheated by 
the initial melt. The grain size is there- 
fore smaller as one proceeds from the bottom 
to the top of the composite. That the fibers 
do absorb heat rapidly has been confirmed by 
the calculations of Clyne and Mason,* who 
showed that the fibers reached the meit tem- 
perature in microseconds. 

This result is also consistent with the ob- 
servation that the transition from a small to 
a large grain size occurs closer to the bottom 
of the preform containing a 0.05 volume frac- 
tion of fibers than in one where the volume 
fraction is higher at 0.18. However, the most 
convincing evidence that it is heat flow that 
determines the grain size is the observation 
that the grain size begins to decrease again 
as one moves toward the top face of the billet 
in the fiber-free region due to absorption of 
heat by the ram. 

That solidification of the melt takes place 
in this way has a significant effect on the 
fiber-matrix interface region: rather than be- 
ing the first region of the matrix to solidi- 
fy, it is the last, so that the fibers become 
surrounded by solute rich liquid. This result 
is clearly seen in Fig. 4, which shows the 
copper-rich phases formed by the rejection of 
solute ahead of the growing dendrite in an 
Al 2024 alloy. 

For some solutes, such as magnesium, this 
effect can lead to changes in the properties 
of the fiber-matrix interface, as shown in 
Fig. 5, which shows the fracture surfaces of 
an Al-2.5 wt% Mg matrix and 99.97% pure Al ma- 
trix containing 0.18 volume fraction of fibers. 
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In the former, the fracture surface consists 
of ductile dimples, each of which contains a 
fiber that has been broken by the growing 
crack. (That the fibers were indeed broken, 
rather than the dimples growing from the ends 
of the fibers, was confirmed by examination of 
mating halves of the fracture surface.} How- 
ever, in the pure-aluminum matrix there is a 
complete change, in that final crack growth 
takes place by the decohesion of fibers paral- 
lel to the fracture surface. These observa- 
tions suggest that magnesium raises the inter- 
facial strength of Al-6-Al203 composites. 

Electron probe microanalysis in the SEM in- 
dicates that the magnesium is almost always 
associated with silicon (Fig. 6). The silicon 
appears to originate from the silica binder 
and leads to the formation of particles at the 
interface. These particles could hardly be 
expected to raise the interfacial strength; 
indeed, fracture surfaces of a commercial pur- 
ity aluminium showed that they tended to act 
as nuclei for cavities (Fig. 7). 

TEM of the interfacial region shows that 
magnesium is observed into the very surface 
layer of the fiber to the depth of about a 
single crystallite about 5 nm (Fig. 8}. Only 
magnesium appears to be absorbed in this 
fashion. The exact mechanism by which this 
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process leads to an increase in the interfa- 
cial strength is not yet clear, but it does 
allow some measure of control over the inter~ 
facial properties of Al-S-Al1203. 


Conelustons 


The grain structure of squeeze-infiltrated 
composites is determined by the effect of fi- 
bers on the undercooling of the melt rather 
than the fibers acting as nucleation sites for 
grains. This process leads to the melt sur- 
rounding the fiber that is the last to freeze, 
so that the particle/matrix interface is rich 
in solute. That can lead to the precipitation 
of excess solute at the interface, which may 
have deleterious effects. However, in the 
case of magnesium the excess solute can be ab- 
sorbed into the interface and increase the in- 
terfacial strength. 
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FIG. 1.--Polished sections taken 
parallel (left) and perpendicular 
(right) to fiber plane in an Al- 
2.5 wt% Mg alloy containing planar 
random array of 6-Al,03 fibers. 


«FIG. 2.--Polished section of Al- 
2.5 wt% Mg taken from unreinforced 


portion of billet prepared by 
squeeze infiltration. 
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FIG. 3.--Polished section of Al-2.5 wt% Mg al- 

loy containing 0.05 volume fraction of §-Al1,0,; 

fibers, transverse to fiber plane. Note sudden 
increase in grain size in reinforced portion of 
billet. 
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FIG, 4.--Polished section in fiber plane 
Al-2024 matrix composite containing 0.18 vol- 
ume fraction of fibers. Interfacial phases 
present at the fiber-matrix interface are thus 
due to rejection of solute from growing den- 
drite. 


235 


FIG. 5.--Fracture surfaces of Al-2.5 wt% Mg 
matrix alloy and 99.97% pure Al matrix both 
containing 0.18 volume fraction of fibers. 
Note change from fiber fracture to interfacial 
decohesion as magnesium content is reduced, 
suggesting decrease in interfacial strength. 


FIG. 6.--EDMA shows that particles at parti- 
le/matrix interface consist of magnesium and 
silicon and are presumably Mg,Si. 

FIG. 7.--Fracture surface of commercial purity 
aluminium matrix containing 0.18 volume frac- 
tion of fibers, Note particles acting as nu- 
clei for cavities at fiber matrix surfaces. 
FIG. 8.--Magnesium-rich layer in surface crys- 
tallites of a fiber in aluminium alloy con- 
taining magnesium. 


236 


4 
4 
3 
4 


3 
4 
4 
4 
3 
3 
q 
4 
4 


Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


SAMPLE PREPARATION OF RAPIDLY SOLIDIFIED POWDER PARTICLES FOR ANALYTICAL ELECTRON MICROSCOPY 


R. E. Omlor, P. F. Lioyd, R. D. Brodecki, and A. G. Jackson 


In aerospace applications today there is great 
interest in rapid solidification technology 
(RST). One method of achieving RST is through 
powder metallury (PM). The physical proper- 
ties of the end products made from PM depend 
on the microstructure and chemical composition 
of these powders. The preparation of these 
individual particles of rapidly quenched pre- 
alloyed powders for study in the STEM presents 
a real challenge. The information obtained by 
study of these individual particles can lend 
insight into the optimization of the powder- 
producing techniques as well as the interrela- 
tionships between the as-produced powder, 
densification processes, and the properties of 
the end product. This paper describes valid 
techniques for prepearing thin foils from 
aluminum and titanium pre-alloyed powder with 
the use of conventional electropolishing tech- 
niques. 


Procedure 


In the past, thin foils have been made from 
pre-alloyed powders by electropolishing, ion 
milling, and microtoming techniques; each of 
these techniques was effective in specific 
cases. To be successful in ion milling the 
powder type must possess a sputtering rate 
comparable to or faster than that of the sub- 
strate material. The microtome procedure in- 
volves embedding the powder in an epoxy sub- 
strate of comparable hardness. Each of these 
methods involves many hours of sample prepara- 
tion time. Jet acid thinning (electropolish- 
ing) was then chosen as the most suitable 
method for sample preparation. With the wide 
range of particle size, 5 to 200 um (Fig. 1), 
and the wide variety of shapes (Fig. 2), the 
powder particles must be embedded in a metal 
matrix that can be handled like a conventional 
foil. 


ia 


FIG. 1.--SEM micrograph of as-received pre- 


alloyed aluminum powder. 


The authors are at Systems Research Labora- 
tories, Inc., 2800 Indian Ripple Rd., Dayton, 
OH 45440. This research was done under Gov- 
ernment Contract F-33615-86-C-5073. 
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A nickel-plating technique was chosen as 
the method to produce a workable metal matrix. 
The Ni-plating equipment is shown in Figs. 3 
and 4, 

The powder is placed on a wet (methanol) 
stainless-steel cathode and placed in the Ni- 
sulfamate plating solution. The solution is 
heated to +60 C with mo stirring; a 1A current 
is applied for 15 h to accomplish the plating. 
When plating is completed, the Ni-plated pow- 
der particles are mechanically polished to a 
thickness of 0.003-0.005 in. before removal 
from the stainless steel cathode. Standard 
3mm foils are then punched. The foils are 
electropolished in a solution of 5% H2SO, in 
methanol at -50 C. 


Results 


Ni-plating and electropolishing parameters 
have been established for both aluminum and 
titanium pre-alloyed RST powders. Figures 5 
through 7 show results obtained by these pro- 
cedures. With this development, complete 
analytical microscopy can be performed on the 
as-received pre-alloyed powders. 
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FIG. 2.--SEM micrograph of as-received pre- 
alloyed titanium powder. 
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FIG. 3.--Standard Ni-plating equipment. 

FIG. 4.--Schematic of Ni-plating bath. 

FIG. 5.--SEM micrograph (JEOL 2000-FX STEM) of 
perforation in center of Ni-plated Ti-Al pow- 
der particle.FIG. 6.--TEM image of Ti-10-2-3 
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1.5 Er showing Er in grain boundaries. 
FIG. 7.--SEM micrograph (JEOL 2000-FX STEM) of 
two Al-Fe-Ni nickel-plated powder particles. 
FIG. 8.--TEM montage showing complete Al-Fe-Ni 
powder particle. 
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DIFFUSION IN SHOCK-ACTIVATED Be-Al INTERFACES 


N. E. Elliott, K. P. Staudhammer, and K. A. Johnson 


Over the past decade, several studies have 
shown significant shock effects on materi- 
als.?~3 Shock activation has been successful- 
ly employed as an aid in hot pressing hard to 
consolidate powdered material, with concomi~ 
tant decrease of temperature and/or time re- 
quired for sintering. *?° Mechanisms for this 
beneficial effect are not understood in de- 
tail at present. However, the effect depends 
strongly on the degree of introduction of 
atomic-level defects, such as dislocations, 
in the material during shock.° The objective 
of this study was to obtain initial informa- 
tion on a related effect, the diffusion of 
solid aluminum-clad beryllium subjected to an 
explosive-shock loading environment. The 
postshock elemental concentration profiles 
were evaluated as a function of time and tem- 
perature. An experimental approach allows the 
routine and convenient observation of effects 
of shock pressures from roughly 1 to 170 GPa 
in a single sample. The exact pressures a- 
chieved depend on the material being shocked. 
In this investigation the maximum estimated 
pressure was 40 GPa with associated local 
strains of less than 8%. The shock design and 
parameters allowing the routine recovery of 
specimens has been given elsewhere.” 

The Al-Be system is reported as a simple 
eutectic with low solid solubilities for each 
element.® The enhancement of Al diffusion in 
Be by shock was postulated because defects in 
microstructure can enhance diffusion, particu- 
larly if the homologous temperature of the 
second element is significantly lower than 
that of the matrix containing the defects. 
This is the case in the Al-Be system: Al has 
a melting point 0.6 that of Be, which implies 
that the defects in Be are not appreciably an- 
nealed out at the temperatures required for Al 
diffusion. The concept was that increased 
solubility of Al would result in bonds of 
higher strength during subsequent solid-state 
bonding of Be parts with an Al intermediate 
layer.?~*° 


Expertmental 


A Be rod 3.0 mm in diameter was vacuum va- 
por deposited with Al on the outer circumfer- 
ence to a thickness of approximately 10 um. 
This rod was then inserted into an 1100 Al 
sleeve with an outer diameter of 9.5 mm, which 
was in turn inserted into a 304 stainless- 
steel holder (Fig. 1). High explosive deton- 
ated around the outside of this assembly pro- 
duced shock pressures from roughly 4 to 40 GPa 
in the Be and associated strain of 0% to 8% at 
the low- and high-pressure ends. The post- 
shock samples were heated and the distribution 
of Al in the Be was measured by energy- and 
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wavelength-dispersive spectroscopy in a scan- 
ning electron microscope. The heat treat tem- 
peratures used in this investigation were 640 
C (solid state) and 680 C (Al melt). The Al 
solubility was expected to be greatest in the 
portion of the sample with the highest defect 
density as a result of pressure and strain. 
Figure 2 shows the Be-Al interface region with 
the beam path and Al x-ray profile superim- 
posed. The concentration gradient is shown in 
more detail in Fig. 3. The average measured 
concentration of Al away from the interface is 
0.05 wt% for sample areas shocked at 40 GPa 
and only 0.02 wt% for the sample areas shocked 
at 4 GPa. These measured concentrations of Al 
in Be seem to exceed levels predicted by the 
equilibrium phase diagram. This portion of 
the phase diagram has widely varying reported 
solubility of Al in Be ranging from 0 to 4 or 
5 wt% per cent near 630 C. It is even possi- 
ble that the Al-Be system may be immiscible.*+ 
This variability is also found in other Be bi- 
nary systems and a variety of possible explan- 
ations exist. The relative changes in Al sol- 
ubility we have measured are significant (Fig. 
4). The data are the result of repeated meas- 
urements with a 110% relative variation. Most 
of this variation appears correlated to mor- 
phology of the Be. The actual value thus de- 
pended on where the measurement was made. The 
preferential concentration of Al near Be 

grain boundaries may indicate that the Al was 
"injected" into the Be via the shockwave at 
the grain boundaries. Alternately, the heat 
treatment may act to exsolve the Al and return 
the system to the equilibrium state. The es- 
timated residual shock temperature of highly 
strained Be at 40 GPa is 288 C.+* The lower 
strain of this experiment should reduce this 
temperature. We do not feel that this temper- 
ature affects the observed results. 

If the existing equilibrium phase diagram 
for Al-Be can indeed be considered a reliable 
indicator,we can only speculate on quasi or 
nonequilibrium shock effects. At 40 GPa in Be 
the estimated adiabatic temperature is 700 
c.7? Under these combined extreme conditions 
material could be "carried'' considerably fur- 
ther into the Be than what would be expected 
with only a single variable (time or tempera- 
ture) being applied. 


Coneluston 


Aluminum solubility in Be can be enhanced 
in a single, uniform specimen by shock activa- 
tion. The absolute solubility and detailed 
nature of this enhancement remain to be 
determined. 
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FIG. 2.--Backscattered electron image of Al/Be 
interface. Background-subtracted Al x-ray 
profile shows major Al diffusion (electron 
spread estimated at 0.7 um). 
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5B. Materials Science: 


Thin Films 


TRANSFORMATION BEHAVIOR IN AMORPHOUS THIN FILMS 


J. F. DeNatale and A. 


Crystallization behavior and microstructural 
development have been studied in thin films of 
titanium and vanadium oxides. Several common 
mechanisms of nucleation, consolidation, and 
stress accommodation along with orientation 
phenomena have been observed in free-standing 
and substrate-supported films by transmission 
electron microscopy, and their qualitative ef- 
fects on thin-film microstructures are illus- 
trated. 

The microstructural development of crystal- 
line thin films is a complex function of their 
specific deposition and annealing conditions. 
This development has in general a correspond- 
ingly strong influence on the electrical, op- 
tical, and physical properties of these films. 
In the study of the relationships between 
physical properties and film microstructures 
in the oxides of titanium and vanadium, a num- 
ber of distinct microstructures associated 
with the mechanisms of nucleation, stress ac- 
commodation, grain consolidation, and crystal 
orientation have been observed. These struc- 
tures and transformation mechanisms are typi- 
cal of those found in both oxide and nonoxide 
materials, and qualitatively illustrate the 
effects of various deposition, film, and sub- 
strate parameters that influence the crystal- 
lization behavior of thin films in general. 


Experimental 


The thin films in this study were prepared 
by reactive ion beam deposition, with a single 
Kaufman-type source and a background pressure 
of oxygen. Sputtering targets included both 
metallic and ceramic materials. The substrate 
was heated from room temperature to 550 C, 
which resulted in either initially amorphous 
or crystalline films. Films were deposited 
onto single crystal NaCl and floated onto TEM 
grids for free-standing films, and deposited 
onto electron transparent foils of various 
substrate materials for supported films. 
Postdeposition annealing was conducted both in 
controlled atmosphere tube furnaces and in the 
ultrahigh-vacuum deposition chamber itself, 


Results and Discussion 


Although the factors affecting thin film 
transformations are highly interrelated, their 
influence on the ultimate film microstructure 
can be divided into factors affecting nuclea- 
tion and those affecting growth and consolida- 
tion. 


Factors related to nucleation and early- 
stage growth 


1. Preferred erystallographie growth 
modes, @.g., needles, laths, oblate spheroids. 
This factor is similar to that affecting bulk 
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nucleation behavior; however, the influence of 
the thin-film geometry can alter the magnitude 
and direction of the strain contributions to 
free energy, as can the interfacial forces 
generated by the supporting substrate. In 
Ti0,, for instance, nuclei consistently 
adopted an oblate configuration, whereas in 
VO, needle-like structures were the most com- 
mon (Fig, 1). 

2. Substrate symmetry and crystallogrphy,. 
The symmetry of the substrate and scale of the 
surface lattice plane can affect both the lo- 
cal and global orientation of the nuclei with 
respect to the substrate. The presence of a 
favorably matched lattice plane in the sub- 
strate can constrain film transformation along 
preferred crystal axes, inducing both one- and 
two-dimensional grain orientation. In addi- 
tion, the directionality of the interfacial 
stresses can influence nucleation geometry and 
can be retained in amorphous films even after 
removal from the substrates. An example of 
this retained stress effect is shown in Fig. 2 
for a free-standing vanadium oxide film in 
which orthogonal nucleation orientations are 
occurring beyond the advancing growth front 
due to the influence of the original cubic 
substrate. 


Factors related to consolidation and later- 
stage growth 


1. WNuclet ortentatton, The ability to 
form large-grained structures in thin films 
often depends on the consolidation of crystal- 
lites oriented in equivalent crystallographic 
directions (Fig. 3). This is the primary 
means for generation near-single crystal films, 
as has been demonstrated previously in TiO, 
(Fig. 4).3 

2. Nucleation rate. The effect of nuclea- 
tion rate in thin-film transformation is iden- 
tical to that in bulk-nucleation behavior and 
merely influences the degree to which other 
factors specific to thin-film geometries af- 
fect the microstructural development. Because 
of the limited scale of crystallite orienta- 
tion often accompanying rapid nucleation, 
films may show poor consolidation (Fig. 5). 

3. Ftlm thickness. The thickness of the 
film is a major factor in the ultimate micro- 
structure that can be achieved. It constrains 
the degree of two-dimensional orientation of 
crystallites as they consolidate, and the va- 
cancy transport to the surfaces during densifi- 
cation. Film thickness in TiO, is crucial to 
the development of large-grained, oriented mi- 
crostructures. This effect is illustrated in 
Fig. 6, near the edge of a titania film of 
varying thickness. The gradation of film in- 
tegrity, grain development, and porosity ac- 
commodation with increasing thickness is 
clearly visible. 

4. Accommodation of denstty differences 
during erystallization. This affects the re- 
tention of film integrity, the manner in which 
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porosity is accommodated, and the nature of 
the growth front as it propagates. In very 
thin films deposited at room temperature, the 
large density differences accompanying the 
transformation can in some instances lead to 
loss of film integrity (Fig. 7) or impart 
large amounts of inter- or intra-granular po- 
rosity into the crystalline film (Fig. 8). 

5. Substrate crystallography. As noted in 
regard to nucleation, the presence of oriented 
crystallites greatly enhances consolidation 
and large-grain formation. Studies in VO, 
show a dramatic difference in the nature of 
grain development and bulk properties for. 
films deposited on different planes of the 
same substrate material. The degree of lat~ 
tice matching and symmetry relations between 
film and substrate can have a major influence 
on intergranular orientation, registry, and 
stress. ; 


The quantitative interaction between these 
factors is strongly material dependent. In 
Ti0,, for example, the microstructural devel- 
opment is primarily determined by the film 
thickness and is quite insensitive to the na- 
ture of the substrate. Not only are these 
thickness effects important in the oxides of 
vanadium, but the stresses and crystallography 
of the substrate also have a major influence 
on the porosity accommodation and the grain 
development of the films. This difference in 
substrate dependence is belicved to be due to 
the energetics of the transformation. In the 
terminal oxide Ti0,, the free energy of the 
transformation is large and likely overshadows 
any contribution from the degree of substrate 
interaction. In the intermediate oxide VO;2, 
these interaction energies are of sufficiently 
similar magnitude for the substrate to influ- 
ence the geometry of the transformation. The 
establishment of these and other controlling 
factors in any given system provides a great 
advantage for tailoring the microstructure of 
the film to its intended application, 
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Siar ee tie 
FIG. 7.--Loss of film integrity upon annealing 
in V205 film. 
FIG, 8. Inter- and intragranular accommoda- 
tion of porosity in annealed VO, film. 
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SUBSTRATE EFFECTS IN THE MICROSTRUCTURE AND PHASE TRANSFORMATION OF VANADIUM DIOXIDE 


A. B. Harker and J. F. DeNatale 


The conductivity change during the semiconduc- 
tor-to-metal thermal transition in thin-film 
VO, has been studied as a function of film mi- 
crostructure on a number of substrates includ- 
ing sapphire, germanium, silicon, quartz, and 
fused silica. Substrate effects dominate both 
the texture development in the films and the 
changes in electric properties occurring dur- 
int thermal transition. Conductivity measure- 
ments made on films deposited on the basal and 
prismatic faces of sapphire also demonstrate 
that stress in the films can lower the temper- 
ature of the thermal transition. 

It is well known that vanadium dioxide un- 
dergoes a semiconductor-to-metal transition 
upon heating at or near 68 C./ This transition 
involves a crystal lattice distortion in which 
low-temperature monoclinic form (a = 0.575173 
nm, c = 0.538326 nm at 298 K) is convereted 
to a tetragonal structure (a = 0.455349 nm, 

c = 284944 nm at 338.5 K).2 In the high-tem- 
perature rutile structure the vanadium cations 
are equidistant along the c-axis; in the mono- 
clinic form the cations are alternately sepa- 
rated by internuclear distances of 0.316 and 
0.262 nm along the a-axis. In the monoclinic 
form the alternate vanadium cations are also 
displaced off-axis, which shortens one of the 
V-O bonds and causes an anti-ferroelectric 
distortion.* The first-order transition, 
which is nearly reversible in thin films, oc- 
curs over a 0.1 K temperature range in single 
crystal VO, with only a small unit cell volume 
change, 0.044%.? 

The electrical and optical property changes 
that occur in thin-film VO, during the thermal 
transition are a strong function of stoichiom- 
etry, grain development, and stress. The mul- 
tiple oxidation states of vanadium and the ex- 
istence of VO, Magneli phases require that 
fine control be achieved in film preparation 
to achieve the correct stoichiometry, 0/V = 
2.00000 + 0.00005, without secondary phase 
formation.* In addition, a beta monoclinic 
form of stoichiometric VO, exists that forms 
from the reduction of V205 through a crystal- 
lographic shear® and that does not exhibit the 
semiconductor-to-metal transition. Typically, 
the change in resistivity of VO, thin films 
reported in the literature is of the order of 
100 to 1000 whereas single-crystal data have 
shown that resistance changes of the order of 
50 000 to 100 000 are intrinsically possible.’ 
A major factor in the lower resistivity change 
in many thin films is a decrease in the resis- 
tivity of the semiconducting state through the 
formation of suboxides.” 

In this work, it has been demonstrated that 
near-Single-crystal thin films of VO, can be 
formed by reactive ion beam deposition with 


postdeposition annealing and that the texture 
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development in such films is highly substrate 
dependent. The films formed by this technique 
exhibit transition properties similar to those 
reported for single crystal material, except 
that it has been demonstrated that stress ef- 
fects in the films can affect the transition 
temperature. 


Experimental 


The thin films were grown in a custom cop- 
per gasketed ultrahigh-vacuum deposition cham- 
ber with a turbopumped base vacuum of 1 x 107° 
Torr, a single Kaufman ion source with a vana- 
dium metal target and oxygen as a background 
gas was used. The ion source was typically 
operated at 1 keV and 20 mA with both target 
and substrate being ion beam cleaned before 
film deposition. The substrates were mounted 
on a heated substrate holder, with deposition 
carried out at temperatures from 20 to 550 C. 
After deposition, the films were annealed in 
the deposition chamber with controlled oxygen 
pressure. Phase identification and film mi- 
crostructure determination were carried out by 
transmission electron microscopy and electron 
diffraction, Film thickness and index of re- 
fraction were determined by ellipsometry. Re- 
sistance measurements were made as a function 
of temperature by standard 4-point probe tech- 
niques. 


Results and Discusston 


Free-standing and initially amorphous films 
of vanadium oxide, floated from NaCl and sus- 
pended on Ni TEM grids, were annealed to form 
VO, to provide a substrate-free microstruc- 
ture. The crystallization processes in these 
films during transformation strongly af- 
fects the microstructural development, as ob- 
served previously with titanium oxide 
films.°~? In thinner films or films with sig- 
nificant enclosed porosity, the nucleation of 
submicron needle-shaped grains dominated; fur- 
ther consolidation under annealing eventually 
produced supermicron grain development. In 
thicker and more dense films, initial nuclea- 
tion produced lath-like grain development 
characterized by cellular growth along a pre- 
ferred crystalline axis, and led to local ori- 
entation in supermicron grains (Fig. 1). VO, 
films transformed on substrates showed sub- 
stantially different microstructures. 

Films produced on single-crystal 100 sili- 
con, fused silica, and Z-quartz all had ran- 
domly oriented fine-grain microstructures, 
Films deposited on basal and prismatic sap- 
phire substrates had a much higher degree of 
orientation and grain development. The films 
formed on the prismatic face (110 plane) have 
a global one-dimensional orientation, with 
lath-like 2 to 3 um grains (Fig. 2). The 
films deposited on the basal sapphire (001 
plane) had near-single-crystal structure, with 
two-dimensional orientation and significant 
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FIG. 1.--(a) Bright-field and (b) dark-field TEM micrographs showing Supermicron grain development 
and local orientation effects in annealed free-standing thin film of VO, 
FIG, 2,--Bright-field TEM micrograph of microstructure of VOz thin film formed on 110 prismatic 


plane of sapphire. 
FIG. 3.~-Bright-fielc TEM micrograph and SAD pattern of VOp thin film formed on 001 basal plane 


of sapphire. 
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twinning (Fig. 3). The electron diffraction 
pattern from the films match that of the thin 
foil sapphire substrate within 2%, as can be 
seen in Fig. 3. The twinning boundaries of 
the VO, films occur on a submicron scale, with 
the high degree of orientation severely con- 
straining intergranular mismatch. 

The changes in the electronic properties of 
the VO, films reflect the degree of grain de- 
velopment on the various substrates. The ran- 
domly oriented fine-structured grains showed 
resistivity changes of only 10 to 1000 in the 
vicinity of 68 C, with the high termperature 
form significantly less metallic than single- 
crystal VO,. The VO, films formed on sapphire 
showed near-single-crystal resistivity changes 
(Fig. 4), with the prismatic plane films ex- 
hibiting the transition at 57 C as compared to 
67 C for the two-dimensionalily oriented VO, 
film on the basal sapphire. 


Conelustons 


The number of nonstoichiometric vanadium 
oxide phases that can form at grain boundaries 
makes the lattice match between the substrate 
and the high-temperature rutile VO, structure 
critical to microstructural development in 
thin films. In addition, fine-grain-structure 
films show limited electrical property changes 
during thermal transformation, presumably due 
to the high concentration of nonstiochiometric 
material at the grain boundaries and poor in- 
tergranular registry. Single-crystal thermal 
transformation behavior can be obtained with 
both one- and two-dimensionally oriented films 
with large grain development, although film 
stresses can affect the transformation temper- 
ature. 
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FIG. 4.--Resistance change as function of 1/T (°K) through semiconductor-to-metal transition in 
VOz thin films formed of (a) prismatic sapphire, (b) basal sapphire. 
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MICROSTRUCTURE-PROPERTY RELATIONS IN OPTICAL THIN FILMS 


J. F. DeNatale, H. Sankur, and W. J. Gunning 


The relation between microstructure and in- 
trinsic stress in MgF,-Ge thin films was in- 
vestigated as a function of film thickness, 
composition, and method of mixing. Dramatic 
differences were observed between films mixed 
by co-evaporation and those prepared by se- 
quential deposition of the pure components. 
Microstructural analysis reveals a correspond- 
ing difference in the grain structure of the 
films, which suggests that differences in 
stress arise from grain-boundary interactions 
between like and unlike components. 

The preparation of thin-film optical coat- 
ings and devices requires the generation of 
controlled optical density gradients within 
the film. Generation of such arbitrary gradi- 
ents in the refractive index is commonly 
achieved by two distinct methods, analog and 
digital, Analog preparation employs codeposi- 
tion to tailor the film index to the desired 
local value.’ Digital preparation uses con- 
trolled sequencing of distinct materials in a 
prescribed manner to generate a given average 
index over a small number of layers.? The use 
of these techniques to implement certain opti- 
cal designs may require preparation of compar- 
atively thick films, often in excess of 100 
um. In these regimes, the issues of intrinsic 
stress generation and delamination become sig- 
nificant. The aim of this study was to inves- 
tigate the dependence of intrinsic stress on 
the method of mixing in the MgF,-Ge system, 
and to establish the microstructural origins 
of these differences. 


Rapertmental 


Films were prepared in an UHV deposition 
system, with a cw CO, laser used to evaporate 
the MgF,. The Ge was independently evaporated 
from an alumina-coated tungsten boat. Compo- 
sition and thickness monitoring was performed 
in situ with quartz crystal monitors; the com- 
positional data were confirmed in the final 
films by energy-dispersive x-ray spectroscopy. 
Quantitative measurements of film stress were 
made from the bending of thin cantilevered 
glass substrates. 

Films were deposited onto cleaved single- 
crystal NaCl substrates by both analog and 
digital techniques, and then floated onto 
fine-mesh grids for microstructural analysis 
by transmission electron microscopy (TEM). 
Films were grown to varying total thicknesses 
to determine the evolution of stress and mi- 
crostructure with increasing thickness. 


Results 


The composition dependence of intrinsic 
stress for both analog and digitally mixed 
MgF,-Ge films is shown in Fig. 1. The stress 
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in the digital films was found to exhibit a 
well-behaved dependence on composition, vary- 
ing linearly between the two extreme composi- 
tions and remaining tensile over the entire 
range. However, the behavior of the codepos- 
ited films was quite different. In these 
films, a rapid reduction in the tensile stress 
was observed that became low and compressive 
over the intermediate composition range (18-61 
wt% Ge). A similar deviation in stress has 
been observed in other mixed film systems, 
which often exhibit quite complex behavior.? 

A distinct microstructural evolution was 
observed in these analog films asa function of 
composition (Fig. 2). Coarsening of both the 
MgF, and Ge grains occurred with increasing 
Ge additions, with the Ge exhibiting a larger 
degree of growth. The digitai films, on the 
other hand, showed little microstructural 
change with composition (Fig. 3). Electron 
diffraction was in all cases consistent with 
the pure constituents and showed no evidence 
for the formation of mixed phases. 

Measurement of the evolution of the intrin- 
sic stress with progressively increasing film 
thickness revealed a distinctly nonlinear be- 
havior. The incremental stress generated by 
each additional thickness of film is shown in 
Fig. 4; clearly most of the stress is gener- 
ated in the initial few hundred A of the film. 
The microstructures of these analog films were 
also found to vary with film thickness 
(Fig. 5), although this dependence was less 
pronounced in the low-Ge films than in the 
midcomposition range. 


Diseusston 


The behavior of the MgF,-Ge analog mixed 
films shows promise for generation of low- 
stress optical devices. The index of refrac- 
tion in these films corresponding to the low- 
stress regime ranges from 1.8 to 3.3, which 
provides a great deal of flexibility in the 
design of gradient index films. 

Microstructural analysis shows a consistent 
association between the measured stress in 
these films and the grain structure. Films 
showing large stress values, both in analog 
and digital cases, have been associated with 
fine-grained microstructures. But in the in- 
termediate compositions exhibiting low intrin- 
sic stress, coarser-grained structures pre- 
vailed. A similar trend was observed in the 
thickness dependence for the midcomposition 
analog films, in which the thinner films cor- 
responding to the higher incremental stress 
values exhibited finer textures, coarsening 
as the film thickness increased. 

The shape of the intrinsic stress curve for 
the analog films (Fig. 1) and the observed mi- 
crostructural dependence suggest that the 
stress reduction is related tn the total 
grain-boundary energy of the system. Electro- 
static interaction at the grain boundaries is 
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FIG. 2.--Variation of film microstructure with composition in analog MgFo-Ge films: (a) MgFo, 
(b) 14% Ge, (c) 26% Ge, (d) 71% Ge. 
FIG. 3.--Digital MgF,-Ge films: (a} 15% Ge, (b) 50% Ge. 
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a commonly accepted mechanism for stress gene- 
ration in crystalline thin films; hence a var- 
lation in the total grain boundary area and 
its distribution could potentially affect the 
stress of the film. The qualitative similari- 
ty between the shape of the stress curve and 
the enthalpy of a mixed system derived from 
the quasichemical theory* suggests that the 
stress reduction arises from the mixing of 
grains with different interaction energies as- 
sociated with like and unlike neighbors. In 
this manner, the total grain boundary interac- 
tion energy would depend on the grain size, 
which affects the total grain boundary volume; 
and on the distribution of components, which 
affects the balance of like and unlike inter- 
actions in the total summation. Thus, both 
coarsening and mixing effects will contribute 
to the intrinsic stress generation in the 
films. With this approach, even complex 
stress behavior as observed in ZnS mixed films 
could be explained qualitatively.? 


Conelustons 


The intrinsic stress in MgF,-Ge mixed films 
has been analyzed and compared to the micro- 
structural development. The codeposited films 
show significant stress reduction as compared 
to sequentially deposited layers, a result 
that could be useful for generation of low- 
stress optical devices. Moreover, the close 
correlation between the stress and the grain 
structure suggests a mechanism associated with 
the grain size and intergranular distribution 
of the components. Such a mechanism has been 
proposed, based on differences in intergranu- 
lar interaction energies between like and 
unlike grains. 
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FIG. 5.--Variation of microstructure with 
thickness for 50% Ge analog mixed film: 
left to right, 600, 1000, and 1500 2. 
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INTERFACE STUDIES OF AlGaAs/InGaAs PSEUDOMORPHIC MODULATION DOPED 
FIELD-EFFECT TRANSISTORS WITH p-DOPED SURFACE LAYERS 


D. R. Kitchen, T. E. McLaughlin, R. E. Omlor, P. F. Lloyd, and R. D. Brodecki 


Since the introduction of the transistor in 
1948, there has been a continuing comprehen- 
sive effort to improve the switching speed of 
this device. The modulation-doped field-ef- 
fect transistor (MODFET) is the latest tran- 
sistor to appear in the evolutionary cycle. 

It is a GaAs/AlGaAs heterostructure device 
that switches on or off in only slightly more 
than 10 ps. It operates not only as a digital 
switch, but can also serve as an analog ampli- 
fier at frequencies up to about 60 GHz.*?? 
This device is the fastest known operating de- 
vice, with the possible exception of the Jo- 
sephson junction. The novel interface struc- 
ture of the device allows for its fast opera- 
tion that greatly surpasses that of the MESFET 
at microwave frequencies. It is based on the 
fact that electrons move very rapidly in un- 
doped gallium arsenide.* This unique feature 
is a result of the properties of the hetero- 
structure, where charge-carrying electrons are 
confined to a thin, very-high-mobility quantum 
well. The device also accepts and releases 
considerable amounts of charge rapidly, and 
dissipates little energy in so doing.’ De- 
spite its very high switching speeds, the 
MODFET suffers from problems associated with a 
persistent photoconductivity effect at reduced 
temperatures” and an inability to support gate 
voltages larger than the gate barrier height. 
Also, current studies have indicated that 
MODFETs can be extremely noisy. It has been 
shown previously°?® that these problems can 
be solved with the formation of a heterostruc- 
ture based on the InGaAs/GaAs system. How- 
ever, the InGaAs layer must be very thin, ap- 
proximately 200 A. This new device is called 
the pseudomorphic MODFET. The purpose of this 
paper is to discuss ongoing studies at the Air 
Force Institute of Technology and the Air 
Force Wright Aeronautical Laboratories (both 
located at Wright-Patterson AFB, Ohio) to ex- 
amine the de and frequency response in addi- 
tion to the noise performance of the pseudo- 
morphic MODFET device. In this work, devices 
were built with 1.35-i.5um gate lengths and 
highly p-doped surface layers incorporated un- 
der the gate contact. However, these devices 
exhibited problems attributed to strain in the 
InGaAs layer. X-ray maps were taken to char- 
acterize the surface topology of the device. 
Transmission electron microscopy was also used 
to delineate the layered interface structure. 
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Experimental Procedures 


Samples for these experiments were 
Ing.15Gao.g5AS/Alo.15Gao.gsAs heterostructures 
grown by MBE on semi-insulating GaAs sub- 
strates. Figure 1 shows a typical structure 
consisting of a 20-period GaAs/AlAs superlat- 
tice. This structure is followed by a 0.5ym 
unintentionally doped GaAs buffer layer and a 
200A quantum well of strained, undoped 
Ing.isGag.e5As. Finally, a 30A undoped set- 
back layer, a 350K n-Alg.15Gaq9.g5As layer 
doped with 2 x 10 **/cm* Si, and a 100A Be- 
doped GaAs cap layer to enhance the Schottky 
barrier gate contact is grown. Active device 
regions were defined by use of standard photo- 
lithographic and etching techniques. Alloying 
of AuGe/Ni/Auto the source and drain regions 
of the device in a hydrogen atmosphere at 500 
C produced ohmic contacts. The gate metal 
contact used was either Al or Cr/Pd/Au. Fab- 
ricated wafers were then scribed into individ- 
ual devices and mounted for dc and microwave 
measurements. Samples were inspected with a 
Tracor Northern x-ray analyzer to map the sur- 
face topography. Devices examined by a TEM 
were first electrolytically pliated with nickel 
to allow handling and then mechanically pol- 
ished with a 600-grit paper. A dimpler was 
used to reduce the cross section of the speci- 
men to 0.003 in. The devices were then placed 
inan argon ion mill with a 1mA beam current 
for final thinning prior to the TEM inspec- 
tion. 


Experimental Results 


Devices were de characterized by a HP4145 
semiconductor parameter analyzer at 300 K. 
Typical current-voltage curves for the pseudo- 
morphic structure are shown in Fig. 2. The 
curves show excellent saturation and pinch-off 
characteristics. These devices exhibited 
transconductance as high as 230 mS/mm at room 
temperature, which is unsurpassed for devices 
with 1.35-1.5um gate lengths. The normalized 
contact resistances of the ohmic contacts were 
also measured. The average value observed was 
0.70 G-mm; the lowest value was 0.002 Q-mm. 
Our experiments indicate that changing the 
gate structure alters the noise and frequency 
response of the device. With a Be dopant un- 
der the gate, pseudomorphic devices were con- 
structed that revealed an increase in noise 
resistance over that of the standard MODFET. 
Detailed RF measurements revealed cutoff fre- 
quencies of approximately 15-17 GHz. This is 
a Significant result, considering that the 
gate lengths were 1,35-1.5 um. The surface 
topology of these devices was mapped with an 
EDS spectrometer. Figure 3 shows the resul- 
tant video image of the device with the ele- 
ments Au, Al, and Ti individually accentuated. 
Figure 4 illustrates the EDS spectra. The 
source, drain, and gate contacts are clearly 
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FIG. 1.--Typical structure for MBE-grown FIG. 2.--Current-voltage characteristics of 
InGaAs/AlGaAs pseudomorphic MODFET. pseudomorphic MODFET. 
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FIG. 3.--X-ray map of pseudomorphic device 
showing video image. Elements Au, Al, and 
Ti are mapped out individually. 
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visible. The image also reveals the presence 
of Ti throughout the structure. A thick Ti/Au 
film is used as an overlay metallization to 
cover the Al gate contact. The deposit is 
used to form the bond pad for the gate region 
only. Apparently the Ti was not removed in 
the source and drain regions adequately during 
fabrication. However, the electrical charac- 
teristics of the device were not affected. 
Lattice imaging of the cross section of the 
device to examine the heterostructure have 
been only recently started. A big problem has 
been in the preparation of a thin structure 
suitable for the TEM showing the interface 
structure of the device, Preliminary results 
indicate a typical lattice structure of GaAs. 
But the expected lattice mismatch associated 
with the InGaAs/AlGaAs interface is not yet 
clear. 


Conelusions 


Pseudomorphic MODFET devices were success~ 
fully fabricated from MBE grown wafers, De- 
vices revealed excellent dc characteristics 
and microwave responses. Indeed, the RF cut- 
off frequencies for these devices were 15-17 
GHz for 1.35-1.5um gate lengths. Devices also 
exhibited extremely low contact resistances 
and high transconductance values. EDS imaging 


was used to examine the source, drain, and 
gate contacts. A TEM study of the interface 
structure is still in progress. 


References 


1. H. Morkoc and P. Solomon, "The HEMT: A 
superfast transistor,'' JERE Spectrum 21: 28- 
35, February 1984. 

2. T. J. Drummond et al., "Modulation- 
doped GaAs/(Al,Ga)As heterojunction field-ef- 
fect transistors: MODFETs,"' Proce. IBEE 74: 
773-816, 1986. 

3. P. Solomon and H. Morkoc, 'Modulation- 
doped GaAs/AlGaAs heterojunction field-effect 
transistors (MODFETs)}, ultrahigh-speed devices 
for supercomputers," TEBE Trans. ED-31: 1015- 
1027, 1984. 

4. T. J. Drummond et al., "Photoconductiv- 
ity effect in extremely high mobility modula- 
tion doped (Al,Ga)As/GaAs heterostructures," 
J. Appl. Phys. 53: 1238, February 1982. 

5. A. A. Ketterson et al., "Characteriza- 
tion of InGaAs/AlGaAs pseudomorphic modula- 
tion-doped field effect transistors,'' [EEE 
Trans. ED-33: 564-571, 1986. 

6. J. J. Rosenberg et al., "An 
Ino-15Gao.gsAs/GaAs pseudomorphic single quan- 
tum well HEMT," ZEEE Trans. EDL-6: 491-493, 
1985. 


OE AAREEW 2 


ie 
@ = -AS-18 IC ONT ORRIN 


FIG. 4, EDS spectra generated from source, 
drain, and gate areas of pseudomorphic MODFET. 


252 


Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


AN INVESTIGATION OF THE FERRITE-MAGNESIUM OXIDE INTERFACE 


A. G. Fitzgerald, P. A. Moir, and B. E. Storey 


The structure and composition of ferrimagnetic 
films is an important parameter in device ef- 
ficiency. The choice of a suitable substrate 


that will not produce strain leading to crys- 
tal defects at the film-substrate interface 


and will not interact chemically with the film 
is important in preserving the magnetic prop- 
erties. Single-crystal magnesium oxide is be- 


lieved to be a suitable substrate for epitaxial. 


growth of single-crystal ferrite films, and 
(100) ferrite films have been grown on the (100) 
faces of MgO single crystals.1»? For most 
ferrites the (100) interplanar spacing is al- 
most exactly twice the (100) spacing in MgO; 
however, the misfit? £ between ferrites and 
MgO has been shown to be of a magnitude that 
in most cases results in its accommodation by 
interfacial dislocations.* Detailed studies 
have been made of the microstructure of fer- 
rite thin films grown on MgO and some prelim- 
inary qualitative studies of the composition 
of these films has been made by energy-disper- 
sive x-ray microanalysis in the transmission 
electron microscope. 

The cbjective of this paper is to present 
the results of a detailed analysis of the in- 
fluence of the MgO substrate on film composi- 
tion and the MgO-ferrite interface. 


Experimental 


The mauority of ferrite films were prepared 
by chemical vapor deposition using a T-reactor 
system.’ The effects of oxidation of sput- 
tered films and of alloy films deposited onto 
MgO from an electron-beam source were also in- 
vestigated. The single-crystal magnesium ox- 
ide substrates were polished prior to film de- 
position by means of the procedure described 
by Fitzgerald and Engin.° 


Transmission Electron Microscopy and Dif- 
fraction. Previous transmission electron mi- 
croscope studies of films grown by chemical 
vapor deposition on magnesium oxide sub- 
strates have shown that ferrite films grow 
with extensive arrays of stacking faults.® 
Films deposited from an electron beam source 
onto MgO and oxidized at 1000 C were found to 
consist of small inclusions with the ferrite 
crystal structure within a magnesium oxide ma- 
trix (Fig. 1). Similar inclusions were ob- 
served in sputtered films annealed in air at 
a similar temperature. 


Auger Electron Spectroscopy and X-ray Pho- 
toeleetron Spectroscopy. Auger electron spec- 
tra have been obtained from NiFe, and CoFe, 
films oxidized on the single-crystal magnesium 
oxide substrates. Figure 2 shows Auger elec- 
tron spectra obtained from a CoFe, film before 
and after oxidation. The cobalt, iron, and 
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oxygen present on the surface before oxidation 
have been replaced by magnesium and oxygen 
with traces of iron. Similar Auger electron 
spectra (AES) have been obtained from sput- 
tered films (Fig. 3). X-ray photoelectron 
spectroscopy (XPS) observations taken from the 
surface after oxidation confirm these results. 
These observations suggest that there is con- 
siderable diffusion of the constituents of a 
ferrite film into the magnesium oxide sub- 
strate at high oxidation temperatures. Chemi- 
cal vapor deposition of ferrite films onto 
Magnesium oxide substrates occurs at tempera- 
tures above 1000 C and most likely similar 
diffusion effects occur during deposition. 
Figure 4 shows a series of Auger electron 
spectra obtained from a cobalt ferrite film 
prepared by chemical vapor deposition after 
argon ion etching for increased periods of 
time. It is clear that magnesium is detected 
with cobalt, iron, and oxygen on the surface 
of the film and is present, with these ele- 
ments, through the thickness of the complete 
film. Magnesium has also been detected in 
lithium ferrite, nickel ferrite, manganese 
ferrite, and magnetite films grown by chemical 
vapor deposition. Figure 5 shows an x-ray 
photoelectron spectrum taken from the surface 
of a lithium ferrite film grown on MgO; mag- 
nesium photoelectron peaks are present and 
confirm the presence of magnesium on the sur- 
face. 


X-ray Microanalysis. Energy-dispersive 
X-ray microanalysis spectra (EDX) have been 
obtained in the SEM and in the TEM from films 
prepared by chemical vapor deposition. These 
spectra were found to contain magnesium peaks 
(Fig. 6). In previous investigations the ap- 
pearance of these peaks had been attributed to 
a contribution from the underlying magnesium 
oxide substrate.” To confirm that the magne- 
sium detected by EDX originates completely 
from the ferrite film, the substrate and film 
have been examined in cross section in a JEOL 
T300 SEM (Fig. 7). The majority of films were 
found to be thicker than 5S um. For films of 
this thickness all the magnesium x rays de- 
tected originate from the film and the concen- 
tration of magnesium in each of the ferrite 
films studied can be determined. The composi- 
tion of each film has been obtained by use of 
the MAGIC IV x-ray microanalysis program’ 
(Table 1). 


ConeLlustons 


The nature of the oxides formed on the sur- 
face after annealing films prepared by sput- 
tering and by electron-beam source has been 
examined by Auger electron spectroscopy and 
x-ray photoelectron spectroscopy. These mea- 
surements show that the metal constituents of 
the ferrite diffuse into the magnesium oxide 
substrate. These results are supported by 
transmission electron microscope observations 
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FIG. 1.--(a)Dark-field electron micrograph of ferrite precipitates in magnesium oxide single 
crystal obtained with (220) ferrite reflection. Material prepared by oxidation of NiFep film 
deposited on MgO. (b} Electron diffraction pattern from area shown in (a); fainter spots are 
associated with ferrite inclusions. MgO and ferrite inclusions are in (100) orientation. 
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FIG. 2.~-Auger electron spectra from CoFe; film FIG. 3.--Auger electron spectra obtained from 
deposited onto single crystal MgO by electron film sputtered in argon from nickel ferrite cath- 
beam source. Top spectrum, immediately after ode and deposited onto single crystal MgO: (aim- 
deposition; bottom, after annealing for 24 h mediately after deposition, (b) after annealing 
at 1000 C. in air for 24 h. 
TABLE 2.--Lattice parameters of 
materials studied. 
TABLE 1.--Elements (at.%) in ferrites studied. 


Material R 
ne ae era ee en ee 
Mg Ni Co Mn Fe re) Magnesium oxide 4.21 
Magnesium ferrite 8.397 
Nickel ferrite/MgO 7.7 5.9 - - 26.6 59.8 Manganese ferrite 8.517 
Manganese ferrite/Mg0O 15.5 - - 3.6 15.3 65.6 Nickel ferrite 8.337 
Cobalt ferrite/MgO 9.7) - 9.51 - 30.3 50.5 Cobalt ferrite 8.38 
Magnetite/MgO 13.1 - - - 27.4 59.5 Magnetite 8.397 
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FIG. 6.--X-ray microanalysis spectrum from cobalt ferrite chemical vapor deposited on MgO, ob- 
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of oxidized films on magnesium oxide. Ferrite 
inclusions have been detected. 

Chemical vapor deposited films have been 
identified as having the ferrite crystal 
structure and are found to grow epitaxially on 
the MgO substrate. The surface constituents 
of these films have also been identified by 
AES and XPS. Each of the ferrite films stud- 
ied contained a considerable amount of magne- 
sium. 

The composition distribution with depth in 
these chemical vapor deposited films has been 
studied by AES in conjunction with argon ion 
etching. It is found that magnesium is dis- 
tributed uniformly through the ferrite films 
with a higher concentration of magnesium very 
close to the ferrite-MgO interface. 

EDX spectra obtained from these chemical 
vapor deposited films were also found to con- 
tain magnesium peaks; the exact composition of 
each ferrite has been determined. It is pos- 
sible that the incorporation of magnesium 
from the substrate into chemical vapor depos- 
ited films leads to a lower misfit between 
film and substrate. The epitaxy of each fer- 
rite on MgO occurs at about 1200 C; however, 
since both ferrites and MgO have almost simi- 
lar expansivities, the misfit between ferrite 
and MgO substrate depends only on the lattice 
parameters of both materials. Table 1 shows 
that only in two systems, magnetite-MgO and 
nickel ferrite-MgO are true ferrites formed 
with chemical formula MeFe20,. For the nickel 
ferrite-MgO system the incorporation of magne- 
sium leads to a smaller misfit with the MgO 
substrate. The lattice parameters of magne- 
tite and magnesium ferrite (Table 2) are iden- 
tical and there is no misfit reduction on the 
inclusion of magnesium in the film; however, 
there apepars to be a wide range of quoted 
values for the lattice parameter of magnesium 
ferrite® from a = 8.377 to 8.402 A and it is 
possible that a misfit reduction also occurs 
in the magnetite-MgO system. Analysis of the 
films formed in the cobalt ferrite-MgO system 
indicated that these films are oxygen defi- 
cient with respect to standard ferrite materi- 
al, whereas in the manganese ferrite-MgO films 
the films contained an oxygen excess. It is 
difficult to compare the composition of these 


materials with data on the variation of lat- 
tice parameter with addition of magnesium in 
ferrites in the standard form, CoFe20, and 
MnFe,0,. in these materials the addition of 
magnesium leads to a lattice parameter that 
reduces misfit with Mgo. 

It is clear that there is considerable in- 
terdiffusion of metal ions between ferrite 
films and magnesium oxide substrates when 
these films are deposited or annealed at high 
temperatures. These effects must be taken in- 
to account in any thin film device applica- 
tions of ferrite films grown on MgO substrates. 
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FIG. 7.--Secondary-electron images from cross section of magnetite film deposited by chemical va- 
por deposition onto MgO, showing x-ray linescans from (a) iron, (b) magnesium. Scale mark 10 um. 
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CHARACTERIZATION OF A GRAPHITE-OFHC COPPER BRAZE JOINT 


F. M. Hosking, R. E. Semarge, and C. R. Hills 


Fabrication of actively cooled limiter blades 
for magnetic confinement fusion devices re- 
quires joining graphite tiles to copper sub- 
strates. Brazing graphite to copper with ac- 
tive braze alloys is a promising approach 
since it reduces the number of steps necessary 
to make the assembly. The subsequent braze 
structure and reaction phase at the graphite/ 
braze interface is of special interest and is 
discussed in this study. 


Background 


The potential for sustaining net energy 
with a magnetic confinement fusion device! has 
stimulated international interest in the sci- 
entific and engineering communities. However, 
there are significant hurdles that must be o- 
vercome to achieve fusion energy at a commer- 
cially available level. Not only must the 
deuterium-tritium fuel be heated to 10° C, but 
the resulting ionized gas or plasma must be 
confined such that more energy is released 
than consumed. Stabilization of the plasma is 
accomplished with magnetic fields. 

One of the critical components in the ves- 
sel is the pump limiter.?°*% The limiter de- 
fines the plasma edge and removes neutral par- 
ticles and impurities. The current design 
uses graphite as the limiter surface. Since 
these limiters are being built for long-pulse, 
high-power fusion devices, the graphite tiles 
must be actively cooled. This cooling can be 
achieved by brazing of the graphite to a cool-' 
ing substrate. For example, a proposed design 
has Poco AXF-5Q graphite attached to a water- 
cooled copper plate. 

Brazing graphite directly to copper pre- 
sents a real engineering challenge.°’ Be- 
sides the thermal-expansion differences that 
exist between the two materials, graphite can- 
not be easily wet by most commercial brazing 
alloys. Several active braze alloys have been 
developed with some success. They generally 
contain Ta, Mo, Zr, or Ti and are suspected of 
forming a carbide reaction layer. An espe- 
cially attractive choice comes from the Ag-Cu- 
Ti system. 

The specific alloy studied here has a Ag-27 
wt% Cu-5 wt% Ti composition. It not only has 
a relatively low brazing temperature (850 to 
870 C), but it also has a reasonably low Ti 
content which should minimize the TiC reaction 
layer. The purpose of this investigation, 
then, was to evaluate brazing graphite to cop- 
per with the Ag-27 Cu-5 Ti alloy. A variety 
of microanalytical techniques was used to iden- 
tify the braze structure and composition and 
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determine the effectiveness of the Ti compo- 
nent on wetting graphite. 


Ruperimental 


Brazing. Poco AXF-5Q graphite and oxygen- 
free high-conductivity (OFHC) copper were used 
for the study. The filler was a clad foil, 
0.075 mm thick, with a nominal composition of 
Ag-27 Cu-S Ti as discussed above. Sample size 
was a 20mm disk. All parts were ground flat 
and given a final surface abrasion with a 400- 
grit paper. They were then ultrasonically 
cleaned in alcohol and rinsed in deionized wa- 
ter. The graphite disks were also vacuum 
baked at 300 C for 4 h before brazing. 

The braze samples were joined in vacuum, 
6.7 mPA (5 x 107° Torr), at 870 C. Time at 
temperature was 5 min, followed by a pro- 
grammed slow cool of 3 C/min. 


Microanalysis. Metallographic specimens 
were removed along two radii perpendicular to 
each other. These specimens were examined 
with a JEOL 35C scanning electron microscope 
(SEM) for braze structure and initial elemental 
analysis. A CAMECA MBX electron probe micro- 
analysis (EPMA) with a Sandia Task8 automation 
system® was used to quantify the elemental 
components present in the braze joint and at 
the graphite interface. EMPA analyses were 
performed at 15 kV, 20 nA, and a 20s maximum 
count time with a lum effective beam diameter. 
A set of photomicrographs, including secondary 
electron (SE), compositional backscattered 
electron (BSE), and elemental distribution 
(EDPM), was taken of the Cu/braze, bulk braze, 
and braze/graphite regions. Additional speci- 
mens were taken from the remaining sample and 
ion thinned for transmission electron micro- 
scope (TEM} and energy-dispersive spectroscopy 
(EDS) analyses. TEM samples were prepared by 
slicing perpendicular to the braze with a low- 
speed diamond saw. The slice was mechanically 
ground through lum diamond paste to a final 
thickness of approximately 75 um. Disks cen- 
tered about the braze joint were then mechani- 
cally punched from the thinned section. Sample 
size was 3 mm. Electron transparent foils 
were examined with a JEM 200CX at 200 kV. EDS 
analysis was done at 100 kV with a JEM 100C e- 
quipped with a conventional Si(Li) x-ray detec- 
tor. Electron diffraction was also performed 
on selected regions near the graphite/braze 
interface to determine the crystal structure of 
the phases present. 


Results and Discusston 


Initial SEM analysis revealed excellent 
wetting of the graphite and Cu surfaces 
(Fig. 1). Poco AXF-5Q graphite is a porous 
material and up to 50 um of capillary infiltra- 
tion by the Ag-27 Cu-5 Ti alloy into the gra- 
phite was observed. The braze structure was 
composed primarily of a Ag-rich eutectic sur- 
rounding discontinuous proeutectic Cu-rich 
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FIG. 1.--BSE micrograph of Poco AXF-5Q 
graphite-to-OFHC Cu braze made with Ag-27 
Cu-5 Ti filler metal. 


FIG. 2.--Ag, C, Cu, and Ti x-ray EDPMs of typical graphite-Cu braze made with Ag-27 Cu-5 Ti filler 
metal. 
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clusters. On the OFHC Cu side of the braze 
joint, a Cu-rich phase extended from the Cu 
base into the eutectic region. 

Table 1 lists quantitative compositional 
results from the EPMA analysis. X-ray EDPMs 
of Ag, C, Cu, and Ti are shown in Fig. 2. 

Both Cu-rich regions were found to have a nom- 
inal composition of 8.5 wt% Ag, 3.0 wt% Ti, 
with the balance Cu. This composition com- 
pared well to the solidus line of the Cu-rich 
side of the Ag-Cu binary phase diagram.’ Dis- 
solution of the OFHC Cu base by the liquid 
braze provided excess Cu that mixed with the 
bulk alloy and resulted in this proeutectic 
structure. 

The Ag-rich microconstituent was generally 
lean in Ti, <0.3 wt%, with a near eutectic 
bulk composition of 28 wt% Cu and balance Ag. 
Close examination of the braze that infil- 
trated the porous graphite region showed the 
centers of these areas to be eutectic (Ag-Cu) 
in nature with the reaction layer at the 
graphite/metal interface enriched in Ti. Al- 
though the reaction layer was too small to 
analyze quantitatively within the microprobe's 
X-ray spatial resolution, the relative ratio 
of Ti to other braze elements (1:1) was sig- 
nificantly higher than found in the bulk braze 
composition. A very thin reaction layer of 
TiC was suspected. 

TEM and electron diffraction analyses were 
next used to identify the phase at the graph- 
ite/braze interface. This reaction zone was 
determined to have an approximate thickness of 
0.35 um (Fig. 3). Electron diffraction pat- 
terns of the zone confirmed the formation of a 
TiC layer (Fig. 4). It is the formation of 
the carbide that promotes wetting of the gra- 
phite surface. 

EDS analysis supported the microprobe re- 
sults of the bulk braze. Ti was detected at a 
Significant level in the Cu-rich regions. 
These areas were also more complex than shown 
by the EPMA. TEM analysis of the Cu-rich ar- 
eas revealed a composite structure consisting 
of an elemental Cu matrix with fine precipi- 
tates (Fig. 5). Electron diffraction patterns 
identified one of the precipitates as elemen- 
tal Ag. A Cu-rich, Cu-Ti precipitate was also 
found, although not positively identified. 
These precipitates were nearly coherent with 
the Cu matrix. Particle size of the Ag and 
Cu-Ti precipitates was 0.1 to 0.25 um and 0.5 
um, respectively. The shape of the Cu-Ti par- 
ticles was irregular. There were also some 
larger Ag particles ranging in size up to 0.8 
um with a platelike morphology. 

TEM of the Ag-rich, eutectic structure re- 
vealed fine precipitates in the Ag phase 
(Fig. 6). The precipitates were identified by 
electron diffraction as elemental Cu. Their 
formation would be similar to the precipita- 
tion of Cu in the binary Ag-Cu eutectic as it 
cools from the eutectic temperature. The sol- 
id solubility of Cu in Ag decreases from 8.8 
wt% at 779 C to <0.2 wt% at room temperature.?® 
Particle size was 0.1 to 0.2 wm. EDS analysis 
showed negligible Ti in the Ag-rich constit- 
uent. 
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Coneluston 


SEM, EPMA, TEM, EDS, and electron diffrac- 
tion patterns were used to characterize a Poco 
AXF-5Q graphite-to-OFHC Cu braze made with Ag- 
Cu-Ti filler metal. The braze joint was com- 
posed of proeutectic Cu-rich and eutectic Ag- 
rich regions. The Cu-rich region was a com- 
posite of an elemental Cu matrix with fine 
precipitates of Ag and a Cu-Ti intermetallic. 
The Ag-rich region was near eutectic with a 
bulk composition of 28 wt% Cu, a trace of Ti, 
and balance Ag. Fine precipitates of elemen- 
tal Cu were detected in the Ag phase. The 
reaction layer at the graphite and braze in- 
terface was verified as TiC. Wetting of the 
graphite surface was promoted by the formation 
of this carbide zone. 

i 
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TABLE 1.--Bulk composition (wt%) of primary 
braze phases. 


Ag Cu Ti 
Cu-rich phase 8.5 bal. 3.0 
Ag-rich eutectic 72.0 27.0 <0.3 
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6. Biological Applications 
ION PROBE MICROANALYSIS OF Li- AND Be-TREATED HEPATOCYTE CULTURES 
A. R. Crooker, E. W. Sod, M. C. Myers, K. P. Baran, and G. H. Morrison 


The light element lithium (Li, Z = 3) has been 
studied in biological systems by a variety of 
microscopy techniques;!~°5 the toxic element 
beryllium (Be, Z = 4) has been less extensive- 
ly investigated.°-? In nearly all cases, con- 
ventional chemical fixation has been utilized 
for specimen preparation. These techniques 
cause the loss and redistribution of exogenous 
and endogenous elements and physiologically 
important ions unless the elements are coval- 
ently bound or are present as discrete gran- 
ules. Only cryotechniques can faithfully pre- 
serve elemental and ion distributions for bio- 
logical microanalysis. 

Ion microscopy, based on secondary ion mass 
spectrometry (SIMS}, can detect all elements 
and isotopes from hydrogen through uranium 
with sensitivities typically in the ppm range. 
The greater sensitivity of ion microscopy com- 
pared with analytical electron microscopy, the 
inability of x-ray microanalysis to detect Li 
and Be in biological specimens effectively and 
the need for ultrathin cryosections of appro- 
priate thickness (< 50 nm) for electron ener- 
gy loss spectrometry make this technique par- 
ticularly attractive. 

The present investigation utilizes freeze- 
fracture cryotechniques and ion probe micro- 
analysis to examine the intracellular distri- 
bution of Li and Be in primary monolayers of 
adult rat hepatocytes. The effects these 
light elements may have on intracellular Na, 
K, Ca, and Mg were also examined. 


Experimental 


Freshly dissociated adult rat hepatocytes 
were seeded on the polished side of collagen- 
coated lcm? pieces of semiconductor grade N- 
type Si wafers (General Diode) placed in the 
bottom of culture dishes. The resulting pri- 
mary monolayers were maintained in Dulbecco's 
Modified Eagles Medium at 310 K in 90% air/ 
10% CO,. After 16-20 h the growth medium was 
replaced with new medium containing 10ym poly- 
styrene beads. These beads served as spacers 
to help control the fracture plane during sam- 
ple preparation. At this time, the appropri- 
ate volume of dosing solution was added to 
each culture, and cells were incubated for 24 
h with O (control), 625, 1250, 2500, S000, 

10 000, and 15 000 uM lithium carbonate 
(Li,CO,, Aldrich Chemical Co.) and O (con- 
trol), 125, 250, 500, 1000, and 2000 uM beryl- 
lium sulfate tetrahydrate (BeSO,-4H,0, Aldrich 
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Chemical Co.). 

Sample preparation follows that of Chandra, 
Morrison, and Wolcott,!° except that specimens 
were frozen in liquid propane/isopentane in- 
stead of nitrogen slush or freon. Briefly, 
the technique involves removing an Si wafer 
from the culture dish, blotting excess media 
from the wafer, and then placing the polished 
side of another wafer atop the cells on the 
bottom wafer to form a wafer-cell-wafer sand- 
wich. The sandwich was quench-frozen in li- 
quid propane/isopentane (70:30) cooled with 
liquid nitrogen to 83 K, then fractured apart 
under liquid nitrogen to reveal the interior 
of the cell, so that interference from the 
surrounding culture medium was eliminated. 
Following freeze-drying, the sandwich halves 
were transferred to a dry box and mounted on 
Al disks with silver paste. Mounted samples 
were stored in a nitrogen atmosphere over des- 
iccant. 

A Cameca IMS-3f ion microscope operating 
with a 10.5keV 02+ primary beam and monitoring 
positive secondary ions was used for the 
study. A primary beam of 100 nA (Li) and 250 
nA (Be) was rastered over an area 50 x 50 um. 
Only cells fractured through the apical sur- 
face were analyzed. The ion images were re- 
corded on Kodak Tri-X film with a 35mm camera. 

Leakage of the cytoplasmic enzyme lactate 
dehydrogenase (LDH) from the cells into the 
culture medium was used as an index of cyto- 
toxicity.?+ 


Results and Dtseussion 


Lithium images obtained from cells at all 
concentrations revealed that Li is distributed 
homogeneously throughout the nucleus and cyto- 
plasm (Fig. 1). Images frequently indicated a 
higher concentration of Li in the nucleus than 
the cytoplasm (image brightness is an indica- 
tor of secondary ion emission). The findings 
are not unexpected since Li is thought to be 
transported through ion carrying channels?” 
and may be found free in the cell, sequestered 
in organelles,* or bound at sites normally oc- 
cupied by Ca or Mg.** Lithium might also be 
expected to accumulate in nucleotide-rich en- 
vironments, since it displays a relatively 
high affinity for ATP and ADP.7? A distinct 
cytoplasmic compartmentalization of Li was not 
seen. 

Lithium is known to interfere with Na and K 
balance, primarily in in vivo situations.}? 
Under the conditions of the present study, an 
effect on the quantity and distribution of 
these ions was not seen. However, some cells 
did show higher Na and K in the nucleus 
(Fig. 1). At concentrations up to 10 000 uM, 
Na/K ratios remained similar to those of the 
controls. At 15 000 uM, a high intracellular 
Na/K ratio indicative of dead or injured cells 
was seen. LDH leakage studies (Table 1) indi- 
cated that minimal cytotoxicity was occurring 
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ULTRASTRUCTURAL CHANGES IN THE GLOMERULUS OF A HIBERNATOR 
BY SCANNING AND TRANSMISSION ELECTRON MICROSCOPY 


D. G. Anderson, S. D. Brazal, M. 0. Natividad, and G. A. Lopez 


Electron microscopic comparisons of kidneys 
from nonhibernating (normothermic) and hiber- 
nating (hypothermic) squirrels have shown nu- 
erous differences in glomerular morphology.+ 
These glomerular changes appear to be related 
to cellular hydration and sodium retention for 
purposes of water balance during the inactive 
period of hibernation, when the nephron (the 
filtration unit of the kidney) is essentially 
nonfunctional. 

These changes were also found to be sim-- 
ilar to those observed in various human renal 
nephrotic syndromes, which suggest the exis- 
tence of common, altered renal mechanisms, 
mediating glomerular function in two widely 
dissimilar physiological states. These obser- 
vations leave open the attractive possibility 
of using the inactive hypothermic hibernator 
as a unique animal model to study human renal 
glomerular disease, 

The striking glomerular changes observed in 
this preliminary study between the active nor- 
mothermic squirrel Spermophtlus lateralis and 
its hibernating hypothermic counterpart were 
made possible by the use of scanning electron 
microscopy (SEM), which has revealed cellular 
components not previously reported in the 
hibernator. Transmission electron microscopy 
(TEM) further confirmed these findings, and has 
supported other previously reported cellular 
changes in this species. 


Materials and Methods 


Active, male, normothermic golden-mantled 
ground squirrels, Spermophilus lateralis, cap- 
tured in the wild, were fed a standard Purina 
Chow diet with unlimited access to water. 
These animals were kept individually in cages 
in a room maintained at a constant temperature 
(25 C) and a 12h light and dark cycle. Body 
weight changes were monitored weekly. When 
the animals reached 300 g in bodyweight, they 
were transferred to a cold room (5 C), where 
hibernation bouts began to occur naturally. 
Animals were sacrificed in weight-matched 
pairs, beginning at midsummer. Active normo- 
thermic squirrels weighed 200-250 g. Hiber- 
nating animals weighting 240-250 g were housed 
in the cold room for 3 months before being 
sacrificed by decaptituation after light anes- 
thesia. Their kidneys were then rapidly re- 
moved and their renal cortical region was 
minced with a razor blade to 1 mm® and im- 
mersed in room-temperature fixative (2.5% glu- 
taraldehyde, 2.0% paraformaldehyde in 0.1M 
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cacodylate buffer, pH 7.4) for 1h. Tissue 
blocks were then washed and postfixed in 1% 
osmium tetroxide for transmission electron mi- 
croscopy. The tissues were dehydrated in 
graded steps of acetone and embedded in Aral- 
dite 502 (Pelco); lum sections were cut on a 
LKB Ultrotome III with glass knives (LKB Swe- 
den) and stained with toludine blue for glo- 
merular orientation. Thin sections were cut 
with a diamond knife, placed on uncoated 
grids, and stained with 2% uranyl acetate and 
bismuth subnitrate.* The sections were exam- 
ined with a Zeiss 109 TEM. 

In the SEM study, tissue blocks fixed in 
the previously described fixative were not 
postfixed, but dehydrated in graded steps of 
acetone and allowed to air dry. These tissues 
were mounted on glass coverslips with colloi- 
dal silver paste (Pelco). Glomerular orienta- 
tion was aided by use of a dissecting micro- 
scope during mounting. The tissue was kept 
under dessication until double evaporation 
coating with carbon and gold-palladium. The 
tissue was examined with a Cambridge Stereo- 
scan MK-3 at 20kV accelerating voltage by sec- 
ondary electron imaging. 

Glomerular basement membrane width was mea- 
sured in 10-20 areas chosen randomly on five 
TEM micrographs from each sample. Endothelial 
pores were measured in 10-20 areas from each 
sample where pores could be found. Podocytic 
processes, microprojections, foot processes, 
glomerular basement membrane, and mesangial 
cell renal elements were compared between nor- 
mothermic active and hibernating inactive ani- 
mals. 


Observattons 


Seanning Electron Microscopy of the Glomer- 
ulus of Nonhtbernating Squirrels. The glomer- 
ular surface of the normothermic squirrel is 
illustrated in Fig. 1. The Bowman's capsule 
was cut open in this view. Podocyte cell bod- 
ies and their processes covered all of the 
outer surfaces of the capillary loops. One of 
the capillary loops is enlarged in Fig. 2. 
Each podocyte consists of a centrally nucle- 
ated cell body from which arm-like processes 
arise and wrap around underlying glomerular 
capillary loops. These major processes, which 
arise from one podocyte, may fuse with each 
other and are often irregular in shape.? At 
right angles from the major processes were 
smaller projections termed pedicels. Pedicels 
from one cell always interdigitated with pedi- 
cels from another cell, as reported by An- 
drews.* A sparse population of microprojec- 
tions arose from the free surfaces of cell 
bodies, major processes, and pedicels. Podo~ 
cytic pedicels varied in size and exhibited 
bulbous and stubby ends. Slit pores were seen 
between pedicels through which glomerular fil~ 
trate is forced into Bowman's capsular space, 
At a low magnification (Fig. 1), the glomeru- 
lus had an overall smooth surface appearance 
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with few blebs or microprojections. The pro- 
cesses and pedicels were flat against the cap- 
illary loops. At a higher magnification 

(Fig. 2), cell processes and pedicels with 
their smooth surfaces were seen. Small nod- 
ules were noticed on the surface of major pro- 
cesses. In some areas cell bodies appeared 
round, but with few surface irregularities. 


Transmission Electron Microscopy of the 
Glomerulus of Normothermite and Hibernating 
Squirrels. A normothermic podocytic cell body 
with major processes, secondary processes, and 
pedicels lying along the glomerular basement 
membrane is shown in Fig. 3. The smooth sur- 
face of the cell body is apparent. Few micro- 
projections were noted in the normothermic 
glomerulus. The pedicels with foot proces- 
ses were anchored on the basement membrane. 
Usually, pedicels originated from major or 
secondary cell processes and very seldom from 
cell bodies directly. 

Endothelial fenestrations were obvious in 
Fig. 3. Many fenestrations were revealed by 
TEM. The glomerular basement membrane was 
found to be uniform in thickness in the normo- 
thermic animal. 

In the hibernating squirrel, numerous mi- 
croprojections were seen originating from cell 
bodies, major processes, and secondary pro- 
cesses. These microprojections in most cases, 
did not terminate on the capillary loop as 
foot processes... Endothelial fenestrations 
had decreased in number. The endothelium was 
observed to be thicker in the hibernating ani- 
mal. Pinocytotic vesicles were found in the 
parietal epithelium of Bowman's capsule. The 
glomerular basement membrane of the hibernator 
was approximately twice as thick and irregular 
in width, which agrees with the observations 
of Zimny et al.? 

Heavy osmiophilic staining was observed a- 
long podocytic plasma membranes in the hiber- 
nator. In some areas, microvilli similar to a 
brush border were found on the parietal epi- 
thelium. Mesangial cells showed an increase 
in dense bodies. Vacuoles were observed in 
podocytes as previously reported by Zimny et 
al. 


Disecusston 


Normal and pathogenic glomerular structure 
was initially described by Arakawa* in 1970, 
using SEM. Only through SEM could such a 
striking three-dimensional image of the vis- 
ceral epithelial cells (i.e., podocytes) be 
obtained, providing us with this view of the 
altered kidney during hibernation. By compar- 
ing this three-dimensional surface image with 
the two-dimensional interior view obtained by 
TEM, the numerous glomerular structural modi- 
fications that this animal has developed to 
cope with drastic changes in its environment 
can be appreciated. 

It is now generally accepted, for several 
species of rodents, that minimal urine forma- 
tion takes place while the animal is at very 
low body temperature during hibernation. ° 
However, significant urine production occurs 
during periodic arousal during hibernation, as 
the animal's body temperature increases and 
normal blood flow is restored to the renal 
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system.” 

The hydrostatic pressure gradient between 
the glomerular capillary vessels and Bowman's 
space is the primary driving force for filtra- 
tion in the kidney. During hibernation there 
is a 90% reduction in blood perfusion of the 
kidney and 55% to 60% reduction in mean arter- 
ial pressure. This would explain the practi- 
cally negligible extent of glomerular filtra- 
tion.® The normothermic kidney receives 16% 
of the cardiac output; hibernating kidneys re- 
ceive only 10%. Plasma volume decreases by 
35% during hibernation. Blood flow to the 
heart, lung, diaphram, and brown fat increas- 
es; flow to the visceral organs decreases. ® 
The renal medullary osmotic gradient is not 
present when the animal is at low body temper- 
ature, so that even if some urine is formed, it 
could not be concentrated; andit is hypertonic 
to plasma. During periodic arousal, every 
10-14 days, sodium and urea gradients are si- 
multaneously and rapidly restored to normal.’ 

The low or nonfunctional glomerulus during 
hibernation has structural characteristics 
similar to those found in human congenital ne- 
phrotic syndrome and epithelial cell dis- 
sease.® Epithelial cell disease shows foot 
process obliteration and the basement membrane 
is covered by sheets of podocytic cytoplasm. 
Visceral epithelial cells show prominent in- 
tracytoplasmic organelles, which suggests in- 
creased cytoplasmic activity. Microvillous 
hyperplasia and vacuolated podocytes are seen 
in these pathological states.° Podocytic mi- 
croprojections are not uncommonly seen by TEM 
in many other nephrotic diseases. These ob- 
servations during diseased renal states are 
strikingly similar to those seen in the kidney 
of the inactive hibernating ground squirrel in 
this study. 

The glomerular basement thickening found in 
the present study may be explained by a previ- 
ous observation of an increase in acid muco- 
polysaccharide content in this membrane during 
hibernation.® The glomerular basement mem- 
brane in the hibernator stained positively 
with ruthenium red, indicating acid mucopoly- 
saccharide.” Zimny suggests this polyamionic 
acid mucopolysaccharide could act as a resin 
for the exchange of cations between the capil- 
lary and urinary space. This increased quanti- 
ty of anionic material may allow more sites 
for exchange of cations, more attraction for 
water, and a greater concentration of protein, 
all of which would increase water and electro- 
lyte balance during hibernation. ® 

Clearly, further studies are needed to elu- 
cidate the reason for the presence of this 
villous hyperplasia in a nonfunctioning but 
healthy nephron unit, and to determine whether 
there is a correlation with the villous hy- 
perplasia seen in human renal nephrotic dis- 
orders. It is conceivable that the use of the 
hibernating ground squirrel as an animal model 
to study human renal disease may provide us 
with valuable insight into the specific physi- 
ological alterations which lead to renal path- 
ological function. The results of this pre- 
liminary study are consistent with this possi- 
bility. 
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FIG. 1.--Low-magnification 
SEM micrograph of normo- 
thermic squirrel's glomer- 
ulus. Winding capillary 
loops are covered by podo- 
cytes. Interdigitating 
processes are visible at 
top of micrograph. 

FIG. 2.--Higher-magni fica- 
tion view of podocytic in- 
terdigitating processes 
over capillary loop. Pro- 
cesses and pedicels are 
flat against capillary 
loops in normothermic 
squirrel. 

PIG. 3.--TEM of normotherm- 
ic podocytic cell body, 
major processes, and foot 
processes anchored on base- 
ment membrane of capillary 
loop. Few microprojections 
are present. 

FIG. 4.--Low-magnification 
SEM micrograph of hiberna- 
ting squirrel's glomeru- 
lus. Capillary loops are 
covered by microvillus po- 
docytic processes. Glom- 
erulus has overal "hairy" 
appearance. 

FIG. 5,--Higher-magnifica- 
"tion SEM micrograph of po- 
docyte cell body and se- 
condary processes covered 
by microprojections. Cell 
body is viewed at right. 
From glomerulus of hibern- 
ating squirrel. 

FIG, 6.--TEM micrograph 
from hibernating squirrel. 
Microprojections are cut 
in cross section and longi- 
tude. Foot processes 
anchor on basement mem- 
brane. 
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Na-Ca COMPARTMENTATION IN CULTURED HEART CELLS 


Ann LeFurgey, L. A. Hawkey, Melvyn Lieberman, and Peter Ingram 


Recent investigations in our laboratory of 
sodium-calcium exchange in cultured chick 
heart cells have demonstrated that during Na- 
free incubation total cell calcium (Ca;) rises 
by ~1.4-2.8 mM (5-10 nmol/mg protein or 7.7- 
15.4 mmol/kg dry wt), and cytoplasmic free 
calcium (Ca¢) increases from ¥60 nM to only 
165 nM.? These data suggest that Ca is being 
sequestered intracellularly. In addition 
when cells are preloaded with Na (by incuba- 
tion with ouabain in a nominally Ca-free solu- 
tion) Cag rises to %1 uM, a level six times 
greater than during Na-free incubation alone. 
This latter difference suggests that during 
Na-free incubation Ca may be sequestered in an 
organelle of limited uptake capacity (e.g., 
sarcoplasmic reticulum) rather than in a high- 
capacity store (e.g., mitochondria). Electron 
probe x-ray microanalysis (EPXMA) is the best 
currently available technique for determining 
the sites and quantitative amounts of Ca se- 
questered by perturbing the sodium-calcium 
transport system. We used EPXMA, in’ conjunc- 
tion with correlative biochemical techniques 
for measuring Cay, and Cag, to define whether 
or not changes in cellular Na and Ca content 
and compartmentation are consistent with a 
sarcolemmal Na-Ca exchange and/or with the 
presence of a sarcolemmal Ca-ATPase. 


Methods 


Cell Culture, Manipulation, and Cryopreser- 
vatton. Aggregates of cardiac muscle cells 
were grown as described by Ebihara et al.? 
Briefly, muscle-enriched cells from 1]1-day-old 
embryonic chick hearts were used to seed agar- 
coated culture dishes containing small open- 
ings (20 um). The cultures were incubated at 
37 C in a humidified chamber containing 4% C03 
and 96% air. On day 3 or 4 spontaneously con~ 
tracting aggregates were rinsed free of growth 
media and transferred for 20 min to either 
modified Earle's balanced salt solution 
(MEBSS) or MEBSS in which all sodium was re- 
placed with trimethyl-ammonium C1 and choline 
HcO,. Immediately following the incubation 
period cells were rapidly frozen in liquid 
propane and cryosectioned as previously de- 
scribed,* and only specimens with overall ice 
crystal sizes smaller than regions to be 
probed (as monitored by parallel freeze-sub- 
stitution from the same specimen) were used. 


X-ray Microanalysis. All analyses were 
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erformed on freeze-dried cryosections <1000 

A thick in a transmission electron microscope 
(JEOL 1200EX TEMSCAN) equipped with a scan- 
ning device, additional hard x-ray aperture, 
collimated 30mm? Si(Li) energy-dispersive x- 
ray detector and microanalysis system (Tracor 
Northern 5500), and liquid nitrogen-cooled 
low-background cryotransfer stage (Gatan 626). 
X-ray spectra were obtained for 500 s per area 
from selected cell compartments at -110 C by 
use of a small square raster (0.1-0.06 um?) at 
100 000 to 150 000 magnification with specimen 
tilt of 35°, accelerating voltage, 80 kV and 
beam current of 1 nA, All spectral data were 
transferred directly from the x-ray analyzer 
to a VAX 11/750 computer for quantitative 
analysis by the Hall continuum normalization 
method* with the peak centroid shift and 
broadening corrections of Kitazawa et al.,° 
using the programs developed by and provided to 
us by Somlyo and colleagues. Standards were 
prepared according to the methods of Shuman et 
al. Specimen mass changes due to the electron 
beam or to shift during probing were monitored 
every 50 s. The microscope and stage were 
baked out periodically and the stage was left 
in the instrument when not in use to minimize 
residual contamination in the region of the 
specimen. Following initial mass loss’ at the 


high doses used, which is assumed to be the same 


for standards and sample, further mass changes 
were always S1%. This result also indicated 


that the anticontamination trap on the microscope 


was colder than the stage (specimen) . 


Results and Dtseusston 


Preliminary quantitative EPXMA analyses for 
nucleus, cytoplasm including regions of sarco- 
plasmic reticulum, and mitochondria are enu- 
merated in Table 1 for heart-cell aggregates 
frozen after incubation for 20 min in either 
a control medium (MEBBS) or sodium-free MEBBS. 
Relative to control, primary changes occurred 
during Na-free treatment in Na and Ca content 
and compartmentation (Figs. 1 and 2); Cl con- 
tent decreased in all compartments. K, P, and 
S content changed variably in each compartment 
and Mg exhibited no large percentage changes. 
The decreases in sodium content observed after 
ONa incubation were statistically significant 
for all cell compartments analyzed (Fig. 1). 
In cytoplasm + SR and in mitochondria, sodium 
decreased nominally to zero. In parallel mea- 
surements of total cell ion content by atomic 
absorption spectrometry’ Na was about 13.4 
mmol/kg dry wt (control, about 194 mmol/kg dry 
wt); the EPXMA data suggest that approximately 
one-third of this amount remained compartment- 
alized within the nucleus.’ ‘ 

Signficant increases in Ca content were de- 
tectable in cytoplasmic regions (Fig. 2). Cy- 
toplasmic ‘probes invariably included regions 
of sarcoplasmic reticulum. The SR ‘is abundant 
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and randomly distributed but rather small in 
these embryonic cells; the quality of freezing 
did not allow us to visualize unambiguously 

SR in all sections. Organized myofibrils were 
identifiable within the cytoplasm but were not 
probed. Mitochondria showed a marginally sig- 
nificant (0.1 > p > 0.05) increase in Ca con- 
tent after 20 min in ONa. Nuclear Ca content 
decreased in comparison with control but the 
decrease again was not statistically signifi- 
cant given the limited number of measurements 
performed to date. These data are consistent 
with independent measurements of Cat and Caf 
under identical conditions of Na depletion, 
which show that the increase in Cat cannot be 
fully accounted for by increased Cag and thus 
suggest that Ca is sequestered.* The rela- 
tively small increase in mitochondrial Ca, 
compared to the increase observed in cytoplasm 
+ SR, demonstrates that under these conditions 
mitochondria do not serve as a major Ca stor- 
age Site. Because the measurements were made 
following 20 min in Na-free media, the possi- 
bility exists that at some earlier time point 
mitochondria function as an intermediate store 
for Ca. Similar APXMA results demonstrating low 


Ca in mitochondria have been observed by Wheeler- 


Clark and Tormey in rabbit ventricular muscle 
bathed in low external Na.® These investigators 
also documented increased Ca in the junctional 
sarcoplasmic reticulum and decreased Cl in all 
compartments analyzed. The interesting ohserva- 
tion of a trend toward decreasing nuclear Ca 
with concomitant decreasing nuclear Na may 


suggest that the nucleus is also a source of 
Ca movement into the cytoplasm-SR complex. 
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TABLE 1.--Elemental content in nucleus, cytoplasm+ sarcoplasmic reticulum (SR), and mitochondria 
as determined by EPXMA. (Negative Na values have no biological significance, but do reflect 
statistical variations, and thus the need for long counting times for low-Na quantification.) 


Na Mg P 


mmol/kg dry wt 


S Cl K Ca 


Nucleus 136 + 7 $0 #45 373 + 22 
Cytoplasm+ SR/37/ 120 + 14 64 + 6 518 + 26 
Mitochondria |36 + + 2 +15 


Control, 20 min 


218 + 
223 4 
+ 


a 
o 


8 106 8 421 23 


MH lt He 


228 


ONa, 20 min 
Nucleus 4 4+ 14 62 + 7 531 + 41 337 + 28 77 + 11 568 + 29 -1.9 + 5.1 
Cytoplasm+SR/10} -16 + 15 76 +10 601 + 52 386 + 30 106 + 18 646 + 50 17.3 + 6.8 
Mitochondria -8 + 12 34 + 7 341 + 22 266 + 20 35 + 7 348 + 24 7.2 + 3.1 


n = number of raster probes (500s) obtained from each region; values are mean + S.E.M. 
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FIG. 1.--Sodium content (+SEM) in control and ONa-treated heart cells for nucleus, cytoplasm 
+ sarcoplasmic reticulum, and mitochondria. Asterisk denotes values significantly different 


from control by Student's t-test (p < 0.001). 
FIG. 2.--Calcium content (+SEM) in control and ONa-treated heart cells for nucleus, cytoplasm 


+ sarcoplasmic reticulum, and mitochondria. Asterisk denotes values significantly different 
from control by Student's t-test (p < 0.05). 
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QUANTITATIVE PROCEDURES FOR BULK FROZEN-HYDRATED BIOLOGICAL SAMPLES BASED ON ¢(oz) CURVES 


A. T. Marshall and R. J. Condron 


The quantitative analysis of frozen-hydrated 
bulk biological samples can be carried out by 
use of ¢{pz) curves and inorganic standards. 
The ionization function or $(pz) curve has been 
modeled by two sets of empirical equations.*>* 
More recently a Gaussian expression has been 
used.*** The $(pz) curve models x-ray genera- 
tion with depth in a solid target and provides 
a measure of the total generated and emitted 

x rays. The latter provides the atomic number 
and absorption corrections. 

The ¢(pz} curve absorption correction for 
frozen-hydrated biological bulk samples has 
been described previously,*® the full correction 
procedure is validated here. The method can 
also be used to obtain oxygen concentrations in 
frozen-hydrated samples which can then be used 
to estimate dry weight fractions. 


Expertmental 


It is assumed that the cell matrix is mod- 
eled reasonably well by a protein solution. ° 
Mean values for absorption and atomic number 
corrections can be used for elements except Na 
and Mg over the usual biological concentration 
range, since the corrections vary little ina 
frozen-hydrated matrix with changes in protein 
and element concentration. The corrections for 
Na and Mg can be obtained from linear regres- 
sions of correction factors on protein concen- 
trations. Oxygen concentrations can be con- 
verted to dry weight fractions in biological 
systems on the basis of the linear relationship 
between O and protein concentration in a pro- 
tein solution. 

The accuracy of the procedure was assessed 
by analysis of organic and inorganic samples 
(sodium nitroprusside, sodium acetate, sodium 
citrate, sodium fumarate, sodium gluconate, 
potassium phosphate and potassium sulphate) and 
gelatine gels (12 and 16% w/v) containing Na, 
K, and Cl at 10, 100, and 110 mmol kg™? of sol- 
vent (water). Standards of NaCl, KCl, quartz, 
and ice were used. Samples were coated with 
10nm Be and analyzed at 15 kV and 101 K. 

Analytical results are shown in Tables 1 and 
2. Considering the difficulties (absorption or 
loss of water and radiation damage) of formu- 
lating biological systems, there is a reason- 
able correspondence between measured and theo- 
retical results. 


Conelustons 


The absorption and atomic number corrections 
obtainable from empirically calculated (pz) 
curves provide reasonably accurate quantitative 
analyses of biological models. An estimate of 
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the dry weight fraction of frozen-hydrated 
biological samples can be obtained from the 
O concentration. Recent examples of the 
application of this method are shown in 
Table 3. 
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TABLE 1.--X-ray microanalysis of inorganic and organic salts. 


Na,K g% 
Theoret. Measured 


O 9% 
Theoret. Measured 


Na citrate 23.5 23.540.5 49. 50.843. 
Na acetate 28.0 25.142.2 
Na fumarate 28.7 28.440.5 
K phosphate 28.7 27.6t0.1 
K sulphate 44.9 42.54+0.4 


TABLE 2.~-X-ray microanalysis of gelatine geis containing NaCi and KCl. 


mmol/1 


Theoretical 
Measured 


110 
11445 


110 
11342 


100 100 


Mean + SD, n = 5 


Secretory tubule cells 
of duck salt gland 


Secretory tubule cells 
of green sea turtle 
salt gland 


Proximal tubule cells 
of chicken kidney 


26 =10 
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IN VIVO AND IN VITRO ANALYSIS OF A POLYMER DRUG-DELIVERY SYSTEM 


G. E. Visscher, R. L. Robison, and G. J. Axvgentieri 


The use of sustained drug delivery systems has 
attracted considerable attention in recent 
years. Slow release mechanisms allow for the 
continuous administration of various medicinal 
agents.* Some forms of such devices include 
sheets, rods, pellets, and films that are sur- 
gically implanted.” Our recent research ef- 
forts have focused on the biodegradation of 
and tissue response to injectable microcap- 
sules produced from various biodegradable 
polymers.*?* 


Experimental 


The production of microcapsules from the 
copolymer 50:50 poly(DL-lactide-co-glycolide) 
(DL-PLGA) was by a phase separation process. 
In vivo and in vitro biodegradation of micro- 
capsules was analyzed by scanning electron mi- 
croscopy (SEM). Analysis of the tissue re- 
sponse to injected microcapsules was by light 
microscopic and transmission electron micro- 
scopic techniques. For in vitro analysis, mi- 
crocapsules were placed in a pH 7.4 phosphate 
buffer and rotated at 37 C in a water bath; 
samples were removed at various time periods 
for SEM survey. Further in vitro analysis of 
microcapsules was performed by loss of molec- 
ular-weight data obtained by gel permeation 
chromatography (GPC). 


Results 


Microscopic survey of injected microcap- 
sules in muscle revealed an initial sharply 
localized acute myositis at the injection 
site, which gradually changed to a minimal 
foreign body giant cell and connective tissue 
response by day 20. By 60 days post injection 
only a small amount of mature connective tis- 
sue was evident in the area of injected micro- 
capsules. 

In vivo degradation of DL-~PLGA microcap- 
sules was first observed by SEM approximately 
30 to 40 days post injection. An erosion and 
increased porosity of the internal matrix of 
the microcapsules was evident (Fig. 1). By 60 
days post injection, microcapsules were exten- 
sively eroded and occupied by cells. 

Correlation of GPC data with SEM of in 
vitro degradation of microcapsules has shown a 
close correlation. A structural deterioration 
consisting of increased porosity and internal 
erosion of microcapsules was seen over the 
first 20 days of treatment (Fig. 2). After 
day 20 only collapsed, porous pieces of micro- 
capsules were seen. GPC data revealed a rapid 
decline in microcapsule molecular weight until 
day 20, followed by a gradual loss until the 
termination of the study. 


The authors are at Sandoz Research Insti- 
tute, East Hanover, NJ 07936. 


Coneluston 


The tissue reaction we have observed in re- 
sponse to injected microcapsules was an ini- 
tial mild, sharply localized inflammatory and 
foreign body gaint cell tissue reaction which 
gradually evolved to a minimal connective tis- 
sue response. Microcapsules produced from the 
copolymer DL-PLGA are almost completely eroded 
and resolved by 60 days post injection. In 
vitro correlation of SEM and GPC data shows a 
simultaneous, rapid decline in microcapsule 
structure and molecular weight during the 
first 20 days of treatment, after which a 
gradual loss of molecular weight was seen. 
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REMOVAL OF PLURAL INELASTIC SCATTERING IN ELECTRON ENERGY LOSS SPECTRA 
FROM ORGANIC SAMPLES: A NEW APPROACH 


R. D. Leapman and C. R. Swyt 


A new method for removing plural inelastic 
scattering from energy loss core edge spectra 
has been developed for use with organic or bi- 
ological samples. The method relies on fit- 
ting the measured core edge spectrum with a 
set of reference spectra. The first member of 
this set is the measured spectrum from a thin 
sample; the second is derived from the first 
by convolution with the low-loss spectrum and 
thus represents a core plus one valence elec- 
tron excitation; the third is derived from the 
second by a further convolution with the low- 
loss spectrum, and so on. These references are 
fitted to the measured spectrum by means of a 
multiple linear least-squares algorithm simi- 
lar to that used to fit x-ray peaks in quanti- 
tation of energy-dispersive x-ray spectra.*?? 
The method has several advantages over the 
conventional Fourier ratio or Fourier loga- 
rithmic deconvolution technqiues. First, the 
low-loss spectrum need not be recorded for 
each spectrum that is processed. Second, the 
method does not assume uniform sample thick- 
ness within the analytical volume. Third, the 
procedure is very fast and mathematically well 
behaved. 


Method 


The method that we describe here to solve 
the plural scattering problem is not intended 
to be generally applicable but is intended to 
be used in certain special, although impor- 
tant, situations. In particular, we are in- 
terested in removing plural scattering from 
core edge spectra occurring at a few hundred 
electron volts of energy loss in organic sam- 
ples where the general shape of the single- 
scattering low-loss spectrum is well known. 

We are concerned with the spectrum above the 
carbon K edge at 284 eV that includes, for ex-~ 
ample, the potassium L,, edge at 294 eV, the 
calcium L,, edge at 346 eV, and the nitrogen 

K edge at 401 eV. Quantitation of these ele- 
ments tends to be severely complicated by edge 
overlap and by plural scattering, which dis- 
torts the spectral shape and inhibits accurate 
background estimation.* A problem with con- 
ventional deconvolution procedures for remov- 
ing plural scattering is the difficulty in 
measuring the low-loss and core-loss spectrum 
simultaneously. Even if such a measurement is 
possible, there is often some uncertainty a- 
pout the linearity of the spectrum because of 
the high counting rates in the zero-loss peak. 
Furthermore, with the development of parallel 
detection systems, edges with much smaller 
peak/background ratios can now be detected* 
(e.g., P/B < 0.001), which involves a demand- 
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ing precision in the analysis. In fact, Shu- 
man et al.° have already discussed the use of 
standard spectra to fit parallel recorded en- 
ergy loss spectra. Here we extend this ap- 
proach to deal with plural scattering. 

Let us assume that the background intensity 
under the major core edge (i.e., carbon K) can 


.be successfully subtracted over a limited en- 


ergy range of, say, 100 or 200 eV Shows thresh- 
old by means of the well-known inverse power 
law extrapolation.® This procedure leaves us 
with the core edge intensity 1,(E) for a group 
of elements consisting of carbon as a major 
component and several other elements as minor 
components. Since the cross section for these 
core excitations is very small compared with 
the total inelastic cross section Ix{E) is 
given to a good approximation by 


Ix (E) = I(E)*S x (E) (1) 


where I(E) is the entire energy loss spectrum 
including the zero-loss and low-loss (valence 
electron or plasmon excitation), and Sx(E) is the 
single-scattering core-edge distribution that 
is the quantity we wish to derive.’ I(E) is 
given by the Poisson distribution for plural 
scattering and contains zero, single, double, 
etc. scattering events described by a sum of 
n-fold self-convolutions of the single scat- 
tering distribution S(E} weighted with con- 
stants kp: 


I(E) = kg6(E) + k,S(E) + k, S(E)*S(B)... (2) 


Therefore by combining Eqs. (1) and (2) we ob- 
tain 


1, (BE) = koSg(E) + kiS(E)*Sq(E) 
+ k2S(E)*Sa(E) +... 
+ Fpl (E)*Sp(E) + FoI (B)*Sc(E) +... G3) 


In the present method each of these terms 
represents a reference spectrum. Typically 
the first term can be obtained experimentally 
by measuring the core edge spectrum from a 
thin evaporated carbon film. The second term 
is computed by convolution of the first term 
with the measured low-loss spectrum (excluding 
the zero-loss peak) obtained from a very thin 
sample of similar composition as the unknown; 
a thin carbon film may suffice for this pur- 
pose. The third term is computed by convolu- 
tion of the second term with the low-loss 
spectrum again. If necessary this procedure 
can be repeated to allow for higher-order 
scattering events. The last two terms in 
Eq. (3) correspond to other minor elements in 
the spectrum such as calcium and nitrogen. 
Sp(E) and S,.(E) represent the single scatter- 
ing core edges for elements b and c and may be 
obtained experimentally by recording of spec- 
tra from thin layers of pure compounds such as 
a calcium salt. In practice, because the car- 
bon K edge is the dominant feature in the 
spectrum, we can first derive a reasonable 
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estimate of the coefficients kn by fitting 
just the carbon K edge terms. When these co- 
efficients have been determined, we have an 
estimate for I(E) in Eq. (1). Thus the plural 
scattering that occurs at the weak core edges 
of the minor elements 1s constrained by the 
plural scattering observed at the strong car- 
bon edge. Therefore, when the fitting proce- 
dure is reapplied to the original data, only 
one extra coefficient is required for each 
minor element that is believed to be present; 
these coefficients are denoted by Fp and F, in 
Eq. (3). If necessary the fitting procedure 
can be iterated to refine further the coeffi- 
cients k, and to regenerate the reference 
spectra for the minor elements. 

The single-scattering core edge spectra 
must be acquired with good counting statistics 
in order to insure a satisfactory fit to the 
raw data. The derived reference spectra are 
fitted by means of a multiple linear least- 
squares algorithm incorporated into a FORTRAN 
program. It does not matter if the 'single- 
scattering! core edge reference spectrum con- 
tains a small double-scattering contribution; 
that will affect the coefficients k, but 
should still provide a satisfactory fit. 


Results 


Electron energy loss spectra were collected 
at 100keV beam energy with a Gatan model 607 
EELS spectrometer mounted below the camera 
chamber of a Hitachi H700H analytical electron 
microscope operated in the TEM mode. Spectra 
were acquired with a Kevex 7000 multichannel 
analyzer and were transferred into a Digital 
Equipment Corporation PDP 11-60 computer for 
processing. 

To illustrate the application of the least- 
square/plural-scattering method to a biological 
sample we consider the spectrum from a thin 
section of immature mineralizing tooth enamel 
(Fig. 1). The area analyzed was approximately 
1 um in diameter and contained protein matrix, 
embedding plastic and enamel crystallites. A 
reference spectrum was recorded from a carbon 
film with thickness t = 0.38 Ay, as estimated 
from the low-loss region,® where Aj is the to- 
tal inelastic mean free path (A; v 50 nm at 
100keV beam energy). The solid line in Fig. 2 
is this 'zero-plasmon' C K reference spectrum 
after background subtraction; the dashed lines 
are obtained by successive convolution with 
the low-loss (plasmon) spectrum and represent 
the other carbon reference spectra that are 
needed to take account of plural scattering. 
The 'zero-plasmon' reference spectrum for the 
calcium L23 edge was recorded from a thin lay- 
er of calcium chloride deposited on a carbon 
film (t/dq = 0.35) and is shown in Fig. 3 af- 
ter background subtraction. Figure 4 shows 
the result of fitting the reference spectra in 
Figs. 2 and 3 to the data in Fig. 1. Although 
there is significant plural scattering (t/Aj > 
1), the fit is satisfactory. Discrepancies at 
285 eV and from 300 to 325 eV may be due to 
(i) small differences in near-edge fine struc~ 
ture between the reference and the unknown, 
(ii) the neglect of the potassium L,, edge 
that may be present, (iii) possible errors in 
removing the unscattered/elastic peak from the 


low-loss spectrum, and (iv) error introduced 
by failure to use the exact single-scattering 
distribution as reference spectra. 


Diseusston and Conelustons 


Let us consider the advantages of the meth- 
od described here. It removes plural inelas- 
tic scattering from some important core edges 
found in organic and biological sampies. At 
the same time the method yields the background 
under each edge and a quantitative measure of 
the integrated core edge signal. Unlike the 
conventional Fourier deconvolution techniques, 
the method does not assume constant sample 
thickness within the analytical volume and 
therefore is applicable to a wider range of 
samples. That is so because the measured core 
edge spectrum must always have the same form 
as the scattering terms in Eq. (3) regardless 
of thickness variations. However, the coeffi- 
cients need not be uniquely related to each 
other by the Poisson distribution as they are 
when the thickness is uniform. In our experi- 
ence,’ Fourier methods can sometimes fail 
drastically because of sample nonuniformity. 
Another advantage is that the low-loss spec- 
trum I(E) need not be measured for each spec- 
trum to be processed; instead I(E) is itself 
determined from the core edge spectrum alone. 
The fitting procedure can be applied to a lim- 
ited range of energy losses provided the ref- 
erence spectra have been generated over that 
range. On the other hand, Fourier deconvolu- 
tion methods require an extended range of en- 
ergy losses for the data to be analyzed, other- 
wise truncation effects tend to arise. The 
multiple linear least-squares procedure can be 
computed very rapidly (typically in 1 s), 
whereas the Fourier methods take longer (typi- 
cally 10 s) on our computer. 

Despite these significant advantages, the 
least-squares fitting procedure does depend on 
certain assumptions, which we shall now exam- 
ine. It has been assumed that the core edge 
spectra from the reference samples and from the 
unknown are identical. In fact, small differ- 
ences are likely to occur due to differences 
in chemical bonding that are evident as changes 
in near-edge and extended fine structure.?? 
Such differences may sometimes present a prob- 
lem, but spectra from biological samples often 
exhibit similar C, N, and O edges, at least at 
a resolution of 2 eV and at the radiation doses 
commonly used for analytical electron micros- 
copy. Similarly, K and Ca have quite constant 
Lo3 edge shapes in biological samples. It has 
also been assumed that we know the shape of the 
low-loss spectrum S(E); small variations in 
this region of the spectrum may create small 
errors in generating the plural scattering 
terms in Eq. (3). Nevertheless, the low-loss 
spectra from a range of different biological 
samples are experimentally similar, at least at 
high dose. Care must be taken to align the en- 
ergy scales of the reference spectra and the 
unknown spectrum. A fraction of an eV error 
here may result in a large carbon residual su- 
perimposed on a minor edge like calcium when 
the degree of fit is tested. However, it may 
be possible to correct for small shifts in en- 
ergy loss calibration or energy resolution by 
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EMom Le ee) FIG. 1.--Energy loss spectrum from sample of 

TT on immature mineralizing enamel with thickness 
greater than one inelastic mean free path. 

Ca L53 Inverse power law background extrapolation is 
shown. 
FIG. 2.--Carbon K reference spectra obtained 
from thin carbon film. Solid line is raw 
spectrum after background subtraction. Dashed 
lines are obtained by successive convolutions 
with low-loss spectrum and represent plural 
scattering terms; +P, +2P, +3P refer to one, 
two, and three plasmons, respectively. 
FIG. 3.--Calcium L,, reference spectrum ob- 
tained from thin calcium chloride sample show- 
ing ‘white lines' at threshold. 
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following the approach of Kitazawa et al.,+? 


which was developed for x-ray spectra; in the 
case of EELS this method would involve adding 
the first and second derivatives of the carbon 
reference spectrum. Care must also be taken 
to measure the reference spectra and the un- 
known spectrum under the same electron optical 
conditions. For example, changes in collec- 
tion angle alter the spectral shape and such 
differences cannot be accommodated in the fit- 
ting procedure. 

Finally, we mention that the core edge fit- 
ting procedure described here may be useful 
for applying 'EELS Atlas! data’* to quantita- 
tive microanalysis. It could eventually per- 
mit this type of digitally stored database to 
be treated as reference spectra, since plural 
scattering is taken into account. 
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NOTE ADDED 


IN PROOF 


After this paper was submitted for publicatton, an article by H. Shuman and A. P. Somlyo 
that uses a similar approach appeared tn Ultramicroscopy 21: 23-32, 1987, entitled "Fleaetron 
energy Loss analysts of near-trace-element concentrations of calcium." 
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FiG. 4.~-Comparison between core edges from 
immature mineralizing enamel from Fig. 1 (sol- 
id line), and sum of fitted reference spectra 
from Figs. 2 and 3 (dashed line). Agreement 
is good, especially in region of Ca L,, edge. 
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7. Computer-aided Imaging and Simulation 
TEACHING COMPUTERS TO SEE 


J. Christian Russ and John C. Russ 


"Conventtonal" Image Analysts 


Computer image analysis is the process of 
extracting useful information, usually in the 
form of a small number of measurement parame- 
ters, from one or more digitized two-dimen- 
sional images. The development of the hard- 
ware to acquire these images from raster-scan 
sources such as video cameras and scanning 
electron microscopes has flourished in the 
past few years. The development of the soft- 
ware needed to process, discriminate, measure, 
and interpret the images is still very much in 
progress. 

It will help to define a few terms. Image 
processing is a collection of techniques that 
begin with a two-dimensional image, as an ar- 
ray of pixels in which each has a brightness 
and perhaps color or other information. The 
processing may either take place in the spa- 
tial domain in which pixels are compared to or 
combined with neighbors, or in the frequency 
domain (e.g., Fourier space) in which the var- 
iations between pixel values as a function of 
their spacing are used. In either case, after 
the process is complete, the result is again 
an image.??* In most cases, the location of 
pixels in the final image is identical to that 
in the original, but the values are altered to 
emphasize some particular aspect of the signal 
at the expense of other information originally 
present. 

A simple example is a high-pass filter that 
suppresses gradual changes in brightness while 
amplifying local contrast (edges, etc.). This 
process can be achieved in the frequency do- 
main by aperturing, or in the spatial domain 
by a Laplacian operator that replaces each 
pixel with the difference between it and its 
neighbors. Another class of image processing 
operations involves geometrical transforma-~ 
tions such as stretching and rotation, and is 
most often used to remove projection distor- 
tion from spacecraft images of the curved sur- 
faces of planets.? 

Image discrimination is the reduction of a 
gray-scale image in which each pixel has a 
brightness value (which may be simply image 
brightness or may have been altered by prior 
image processing steps) to one in which each 
pixel is either "on' or "off" depending on 
whether it is or is not part of the features 
in the image that are of interest. In its 
simplest mode, discrimination consists of se- 
lecting a range of brightnesses that corre- 
spond to the phase, objects, etc. to be stud- 
ied. With appropriate processing, the pixel 
brightness can be made proportional to other 
properties of the original image, such as tex- 
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ture.* Manual setting of discriminators with 
the human eye used as a judge of correctness 
can be replaced with various algorithms that 
give improved consistency and accuracy.° 

The more general term for this reduction 
from the gray-scale image to a binary repre- 
sentation of objects is "segmentation" and 
there are ways to accomplish it other than 
simple discrimination. For instance, it is 
possible to locate and then follow an edge or 
to start with arbitrary points within objects 
in the image and then expand them by comparing 
each neighbor point and deciding whether it 
should or should not be made part of the ob- 
ject.®© These methods are much slower than 
discrimination, and equivalent results can be 
obtained with appropriate image processing be- 
forehand to produce derived gray-scale images 
in which the pixel values describe some neigh- 
bor property. 

The discriminated or "binary" image may be 
further edited by the performance of logical 
combinations (and, or, not, etc.) of several 
such images of the same area, obtained by the 
use of different discriminator settings or 
differently processed gray images, to select 
specific objects. There is also a powerful 
class of operations that smooth outlines, sep- 
arate touching features, determine the skele- 
tons of objects, and perform certain types of 
counting and measurements based on the patterns 
of neighbors present around each pixel.’ °® 

Once discrimination has been performed, 
each object in the image is defined as a con- 
tiguous group of pixels. Depending on whether 
the image is a planar cut through a structure, 
a projected image through a slice of finite 
thickness, or some other known configuration, 
it is possible to relate the dimensions of ob- 
jects seen in the image to their three-dimen- 
Sional nature, by use of the principles of 
stereology.? The measurement parameters that 
can be obtained fall into four classes. 


a. measures of size, such as area, perime- 
ter, length, breadth, etc., and the derived 
three-dimensional estimates such as volume, 
surface area, equivalent spherical diameter, 
etc.;3 

b. measures of shape, such as the number 
of internal voids, the fractal dimension of 
the outline, and a variety of dimensionless 
shape descriptors such as aspect ratio (length/ 
breadth), formfactor (41TArea/perimeter?), con- 
vexity (convex perimeter/perimeter), solidity 
(area/convex area), etc.; 

¢. measures of location and orientation, 
such as the coordinates of the centroid of the 
object, the angle of its line of minimum moment 
or longest chord, and derived parameters such 
as the nearest neighbor distance; and 

d. measures of brightness, such as the mean 
brightness of pixels in the original image (xre- 
lated to object density), and the contrast and 
texture that describe variations of brightness 
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within the object? 211 

In most typical computer-based image analy- 
zers, some 20-30 such parameters are readily 
determined for all the objects in a discrimi- 
nated image. They may then be studied by use 
of various statistical analysis routines to 
plot distribution histograms, search for cor- 
relations, compare to preset acceptance cri- 
teria, and so forth. 

Although these data are often useful in re- 
search and quality control situations, they do 
not represent all the information present in 
the image, and the procedures used by compu- 
ter-based systems to obtain them are quite 
different from the methods that the human vis- 
ual system employs to extract meaning from im- 
ages. In order to extend the computer-based 
equipment to have a deeper level of scene un- 
derstanding (for instance, as employed in ro- 
botic vision), or to deal with three-dimen- 
sional images (either in the form of a series 
of 2-D "slices'' as encountered in serial sec- 
tion microscopy, or in the form of a stereo 
pair of images whose parallax gives depth in- 
formation), or to be able to learn to recog- 
nize objects in context (which falls within 
the broad range of “artificial intelligence" 
and may more narrowly result in the image com- 
puter operating as an expert system), a better 
understanding of how humans accomplish these 
same tasks seems important. 


The Human Visual System 


It may not always be practical or necessary 
to duplicate the methods used in the human 
visual system, which depend to an extreme de- 
gree on the "hardware" organization of our 
neurons, but rather to emulate them in the 
software. A typical modern image-analysis 
computer system, whether a dedicated microcom- 
puter!” or minicomputer, or a task sharing the 
resources of a mainframe, has a computational 
capacity of perhaps 1-5 MIPS (million instruc- 
tions per second) with megabytes of storage. 
(One should not confound MIPS with MFLOPS, 
which are millions of floating point instruc- 
tions per second; without special hardware co- 
processors one gets much fewer MFLOPS, but 
most image analysis deals with integer values, 
and often with single bytes, so that MIPS is a 
more relevant measure of performance.) Images 
fundamentally eat up storage quickly, so that 
the gigabytes offered by optical disk technol- 
ogy may be highly appropriate. The operations 
that will be described below would require of 
the order of 100 MIPS to achieve results in 
times that could be considered "interactive" 
(still well short of "real time"). At these 
speeds, conventional computers reach limits 
based on the speed of electrons in circuits. 

Yet the human neural system is very slow, 
with signal propagation rates measured in feet 
per second. How then does the eye/brain com- 
bination perform its amazing feats of image 
interpretation so quickly? The answer lies 
primarily in the distributed nature of the 
computation. Within the image sensor itself 
(the retina) there are wiring patterns among 
the neurons (Fig. 1) that select particular 
image features so that much less raw data need 
to be transmitted to higher levels of inter- 
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pretation. This feature is particularly im- 
portant considering that the human eye con- 
tains more than 150 million receptors, whereas 
many computer-based image analyzers employ 
only 250 000 pixels. Also, the visual system 
may devote as many as a quarter-million cells, 
each capable of proportional logic response 
(by varying the rate of pulses produced) to 
various combinations of other cell outputs, 
and all operating at once, for each local fea- 
ture in the image. 

At each higher level of processing, there 
is a further synthesis and "data reduction" 
until only a few "important" parameters are 
passed up to the conscious or interpretive 
level. Evolution has taught us which parame- 
ters are important (especially edges and cor-- 
ners, and anything that moves, especially if 
it moves toward us!}. Many of these intercon- 
nections specifically employ the time delays 
in the neural connections to select particular 
pieces of higher-order information from the 
various lower level information, and for ''mem- 
ory"? 

Similarly, for object recognition the brain 
proceeds in parallel. Rather than measuring 
objects in our visual field and comparing the 
dimensions to a sequential list of everything 
we have ever seen, we find that we can recog- 
nize Aunt Hazel'ts face almost immediately, 
even if most of the cues that we would con- 
sciously select are obscured, or if encoun- 
tered in a situation where we would not expect 
to meet her. The simplest explanation is that 
we have trained an "Aunt Hazel" detector 
(among many others) that constantly scans all 
parts of each image to find something to match, 
and reports to conscious levels if matching 
occurs. 

It is worthwhile to develop simulations of 
these processes for several reasons. One, of 
course, is better understanding of the visual 
system itself. A second is to develop compu- 
ter hardware and programming techniques that 
can achieve some of the 'massively parallel" 
efficiencies. The third is to develop image- 
analysis algorithms that work and that will 
become practical to implement as computer pow- 
er increases. That will certainly continue to 
happen; the only question is how soon we shall 
have affordable and practical access to 100 
MIPS computers with gigabytes of storage on 
our desks, in our pocket calculators, and {one 
suspects) in our digital watches. 


Stmulating the Human Visual System with a 
Computer 


The four specific goals we have been pursu- 
ing are: 


1. To develop an object recognition system 
that can be easily "trained" with a small nun- 
ber of objects of each of several classes, 
will automatically select those parameters 
which distinguish the classes, and will then 
be able to select those objects from complex 
fields of different objects. This expert sys- 
tem also continues to learn from each success- 
ful identification, so that even if the train- 
ing objects are not identical to (or an unbi- 
ased sample of) the objects in context, a con- 
tinuous and gradual refinement of the system's 
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knowledge will take place. 

2. To develop methods to deal with stereo 
pairs. The first step is tc provide an auto- 
matic detection of the "important" features in 
each pair of images, and then to fuse them so 
their parallax can be determined. This pro- 
cess produces an array of points (X, Y, Z co- 
ordinates) that describe a surface or some in- 
ternal objects within a transparent section. 
The second step is then to interpolate the 
rest of the surfaces, and to refine and sim- 
plify this description until the surface or 
objects can be characterized and measured. 

3. To deal with a three-dimensional stack 
of discrete images. Most often these images 
will consist of planes of focus achieved by 
sequentially polishing or cutting a surface; 
or focusing light, electrons, or sound waves 
at various depths in a body. The methods are 
equally applicable to stacks in which the dif- 
ferent planes are different elemental x-ray 
maps, different energies of electrons or col- 
ors of light, or a time sequence of images of 
the same surface or scene. 

4. To understand the mechanics of optical 
illusion, in which the image processing and 
feature extraction tools of the human visual 
system misfire and produce an incorrect quali- 
tative or quantitative result. By duplicating 
these errors with computer algorithms, we can 
hope to discover the algorithms that mimic the 
human visual system in its more successful op- 
erations as well, and find efficient and pow- 
erful tools to extract useful information. 


In order to perform these types of opera- 
tions in a reasonable length of time, and with 
a minimal investment in equipment, we use some 
unconventional computer systems. The typical 
CPU-Memory-1/0 architecture suffers from a se- 
vere bottleneck when all information must pass, 
one byte or word at a time, through the same 
communication bus and the same CPU. Array 
processors, often used with two-dimensional 
images, can offload a portion of the computa- 
tion from the main CPU, but they suffer from 
many limitations (inflexible programming, dif- 
ficulty in dealing with three- or higher-di- 
mensional arrays, requirements for vast 
amounts of intermediate storage). 

A more promising approach is available in 
the Processor Array or Cosmic Cube type of 
architectures, with a large number of identi- 
cal, individually rather simple processors, 
each with a modest amount of memory and their 
own, often identical programs. Each processor 
is given a portion of the image or other pro- 
cessors working on neighboring regions, and 
higher-order dimensions are readily implement- 
ed by the nature of the interconnects. The 
processor array, which we are using, retains a 
slightly greater degree of flexibility at the 
expense of speed. Each slave computer is con- 
nected to a single master processor, which al- 
locates the tasks, monitors the progress of 
each slave, and acts as a mailman to pass data 
between regions, 


Object Recognition 


We are forced to make the initial assump- 
tion that the parameters which we can measure 
on objects in the image(s) available include 


parameters that can distinguish the objects 
into various classes. There may be some mea- 
surement parameters available to the human 
visual system that are not covered by the list 
of parameters we can measure, but evidence 
suggests that the reverse is more likely to be 
true: that the list includes parameters which 
the human visual system has decided to ignore 
(because they are rarely useful) and that peo- 
ple actually use only a rather small number of 
"wired-in" parameters to characterize objects. 

A brute-force approach to classification 
would simply require measuring a large number 
of objects in each of several known classes, 
for all the available measurement parameters. 
These measurements then allow frequency plots 
(probability distribution functions or "pdf's! 
to be made for each class of object, for each 
parameter (Fig. 2). Subsequent measurements 
on "unknown" objects can be compared to each 
of these distributions, and a probability as- 
Signed to the likelihood that the unknown is a 
member of the standardized population of each 
class. 

This procedure would be quite straightfor- 
ward if the various pdf's were Gaussian or 
Poisson curves, which can be simply parametri- 
cized by mean and standard deviation. Unfor- 
tunately, this situation is only rarely 
encountered, and well-known statistical tests 
such as analysis of variance are of little use. 
Consequently, the entire pdf must be saved, 
usually in the form of a frequency histogram, 

The pdf's constitute an a prtori knowledge 
of the objects. If the measurement on the un- 
known is simply compared to the various class- 
es, we may be able to decide to which one it 
belongs. Bayesian estimation carries this 
process one step further, by allowing us to 
combine the a prior? probabilities of class 
membership andthe current measurement, to com- 
pute for each class the probability that the 
new data point belongs to the class. This is 
an a postertort method known as a maximum like- 
lihood classifier, and it can be shown that it 
minimizes the risk of misclassification of an 
object. 

One difficulty with the method as described 
is that it operates in an m-dimensional space 
of very high order (the number of measured 
parameters), and not all ~ are truly orthogon- 
al. For instance, some of the shape descrip- 
tors such as aspect ratio or formfactor are 
powerful classification tools, but they depend 
on other parameters (length, breadth, area, 
etc.) that are also used. There may also be 
other correlations between parameters, such as 
some measure of size and density. These cor- 
relations present mathematical problems in 
dealing with the matrices of data. The pair- 
wise covariance of each set of measurement 
parameters can be calculated for each class of 
objects; if the magnitude is high, one or the 
other can be eliminated. This procedure also 
reduces the dimensionality of the n-space, 
which is helpful. 

Besides parameters that may be highly cor- 
related with others, we would also like to 
eliminate any that do not contribute signifi- 
cantly to distinguishing the classes. Experi- 
ence suggests that in each context, only a few 
parameters are important. They may involve 
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shape, size, density, or some combination of 
these discrete measurements. Of course, in 
another context entirely different parameters 
may be important so that we cannot decide be- 
forehand what not to measure. But we can look 
at the data from a representative number of 
objects in two (or more) classes to determine 
whether each of the » variables can be elimi- 
nated. If the frequency distributions for 
each class were normal, an analysis of a vari- 
ance test could be used to determine the prob- 
ability that the classes were different in the 
selected parameter. However, few real pdf's 
are Gaussian. 

Instead, a Wilcoxon or similar test can 
sometimes be employed. This test is sensitive 
to the rank order of objects, and can be vi- 
sualizedasa deck of cards marked with the 
value of some parameter (e.g., length) and 
sorted into order. In addition, the cards are 
colored red or blue depending on whether the 
object is of Class A or B. The binomial 
theorem gives the probability that a particu- 
lar sequence of red and blue cards will arise 
from random shuffling of cards, and hence al- 
lows us to estimate whether the two classes 
are distinct or not. Parameters that do not 
show a Significant (usually 90 or 95%) proba- 
bility of being different by this test are 
discarded, and the original m dimensions are 
reduced to m important parameters. Generally, 
m is much less than n. 

Within the final m-space plot of points 
from each measured object in the training 
suite, there are clusters of points correspond 
ing to each class. We can now define a pseudo- 
parameter, a linear combination of the mea- 
sured, quasi-orthogonal measurements that 
gives the maximum separation between each pair 
of classes. Figure 3 shows how this pseudo- 
parameter can be visualized as a rotated axis 
that passes parallel to the line connecting 
the centers of the clusters.’ Projection of 
each point (object parameters) onto the line 
produces new pdf's that have the maximum sepa- 
ration between the classes. 

The line can be determined if we find the 
direction that maximizes the moment of the 
point distribution. This line, or pseudo-var- 
iable, then defines the context in which these 
classes of objects will be discriminated. All 
that is required is to measure the m parame- 
ters for an unknown object, calculate a linear 
combination of the values using the direction 
cosines of the context line, and compare the 
value to a decision threshold taken as the 
minimum point separating the two normalized 
class pdf's. Normalization is necessary if 
the classes have different numbers of objects 
used in the training operation. 

This training is established by measuring 
tens or hundreds of representative objects. 

It is not necessary for the human to specify 
what the important parameters for distinguish- 
ing classes are, or even to know how he or she 
actually recognizes them as distinct. This 
point is a potentially very important one, and 
is one of the criteria by which the system can 
now be referred to as a self-learning expert 
system. The heuristic for learning is built 
in, and the system extracts the important in- 
formation from that supplied by the operator. 


Because in many situations, even skilled oper- 
ators may use subtle or unconscious cues to 
recognize objects, which may not always be ev- 
ident in individual images, the performance of 
this recognition system often exceeds that of 
the operator who trained it. 

This system for object classification is 
also capable of continuing to learn. This 
feature may be important if the training ob- 
jects were not exactly representative of the 
populations actually encountered in context. 
Once the context itself (the linear pseudo- 
variable axis) has been established, and the 
pdf's of the classes been established, subse- 
quent measurements that are classified in one 
class or the other can be added to the respec- 
tive pdf's to update them continuously. This 
approach in effect adapts the original knowl- 
edge of the classes, obtained from the train- 
ing objects, to the real unknown samples. It 
is related to the Bayesian a postertor? ap- 
proach, using ali knowledge available up to 
the time of measurement. 

The potential problems with this approach 
are basically ones of nonlinearity. Two kinds 
of nonlinearity can develop, and either can be 
overcome mathematically, given enough data. 

As mentioned, the measurement parameters may 
not be entirely orthogonal, which means that 
the context line may not be linear in m-space. 
In principle, it is not necessary to restrict 
the fitting of the context line to be a linear 
combination of the individual measurement pa- 
rameters, but other regression equations 
(polynomial, logarithmic, etc.) cannot gener- 
ally be chosen beforehand as being preferred. 
Nonlinear regression methods are available 
that can evaluate these functions if enough 
data points (the number of objects in the 
training set) are available and the proper 
point weighting is used. Although time con- 
suming, this is still a one-time operation 
that forms part of the initial training, and 
once the context line is established the clas- 
sification of unknowns is not affected. 

It is also possible that the difference be- 
tween the training objects and the real ones 
is great enough so that the decision point 
along the context line may move significantly. 
If that happens, it would be preferable to re- 
compute the pdf's with different, perhaps non- 
linear histogram spacing. That can be done 
periodically during measurement of unknowns, 
but only if the actual values for each mea- 
sured object are saved, rather than just being 
added to the pdf for its class. This method 
is perhaps best implemented at present in con- 
junction with the ability of the operator to 
overrule an object classification made by the 
computer, which would then signal the need to 
replot and renormalize the pdf's on the basis 
of all stored information to date. 

It is instructive to compare this method to 
a very simple classification scheme sometimes 
employed for the identification of metal alloys 
based on their chemical composition, which is 
also multidimensional based on the number of 
elements present. Each alloy composition has 
a finite permitted range (known a priort), 
which occupies a polygonal volume in space. 
Each unknown analysis represents a point in 
space, which is expanded into an ellipsoid 


280 


3 
3 
3 

3 

3 

el 
3 

3 

3 

3 

a 

3 
3 

3 

3 

3 

3 
3 

3 

EI 

3 

3 


whose axes are defined by the expected measure- 
ment accuracy. Identification is achieved if 
the ellipsoid intersects a polygon. If not, 
then the vector distance to the nearest poly- 
gon identifies the ‘most similar" alloy. This 
method does not work well for our problem of 
object classification because the class re- 
gions are not well defined, either in terms of 
shape or of having a sharp boundary. Also, 
the various axes are not of equal or linear 
importance. 


Stereoscopy, Fuston, and Simplification 


Most humans can perceive depth information 
in stereo pair images, but not all: there are 
people (with two eyes) who cannot fuse stereo 
images, just as there are colorblind indivi- 
duals. It is also common to overestimate the 
extent to which we use stereoscopy in everyday 
life; most judgments of distance are based on 
relative size, brightness, or precedence (one 
object partially obscuring another). A number 
of optical illusions take advantage of these 
cues to trick the human observer into mistak- 
ing object distance or size. Nonetheless, 
stereoscopy is a powerful tool that can be 
used to determine the three-dimensional loca- 
tion of surfaces or internal features in a 
transparent medium. 

When we "look at"! a stereo pair, the pro- 
cess by which we achieve "fusion" of the two 
images in our mind is complex and only par- 
tially understood. Key points are located on 
one or both images in some kind of order based 
on their significance in the individual images 
(i.e., corners, edges, and other points of in- 
terest are chosen}. They are then compared 
between the images, based both on their neigh- 
borhood (relationship to other cues in the im- 
ages) and their parallax (points are rejected 
for fusion if they lead to a bizarre interpre- 
tation of the viewed surface). 

Given a pair of images, we can mimic the 
visual system's method for choosing interest- 
ing features by using image processing. Vari- 
ous derivatives of the original gray-scale im- 
age can be obtained by use of a Laplacian op- 
erator, or the maxima or other combinations of 
directional derivatives. These derivatives 
emphasize to varying degrees the edges, points, 
lines, and line ends in the image. Their X-Y 
position in the images can be noted, and it is 
these features one must then compare to figure 
out how to pair them up. 

There is a practical limit to how many 
points can be extracted from a pair of photos. 
Tests with random-dot stereograms (apparently 
random arrays of dots which the human visual 
system readily fuses into a single image) sug- 
gest that a few thousand points are enough to 
represent a rather complex surface.’* That is 
probably more points than can easily be found 
in a typical 512 x 512 pixel gray image, espe- 
cially if the interesting points are not uni- 
formly spaced. If an "interesting feature" is 
defined as a group of a minimum of 9 pixels (a 
central pixel and its neighbors), which needs 
to be separated from other interesting fea- 
tures by a similar dimension to its width 
(which amounts to surrounding the central nine 
pixels with another 72 pixels), then the total 


number of regularly spaced interesting points 
possible would be about 3000. In real images 
where regions devoid of interesting points are 
present, finding 500 such points may be a 
realistic goal. 

The points can be found by use of either of 
the pair of images, since points present in 
only one will not be useful. The image can be 
processed to produce a derived image in which 
the pixel brightness value corresponds to how 
interesting it is, and then thresholding can 
be used to locate the desired number of points, 
rejecting less interesting ones that are too 
close to interesting ones. The list of X-Y 
coordinates is obtained at the same time. 

To match the points from the first image to 
the second image, and thereby achieve ''fusion" 
in the computer's understanding of the images, 
we use the local texture in the original 
image. The difference in brightness between 
the central pizel and its neighbors is com- 
pared, point by point, to pixels in the second 
image. This technique is called crosscorrela- 
tion, and one carries it out by multiplying 
together the values for each pixel (in this 
case, the difference between its brightness 
and the central pixel) in the pair of images, 
and adding the total up over the local neigh- 
borhood.*” When the points match, the cross- 
correlation sum is very high, whereas other- 
wise it is not. The location of the pixel 
whose sum produced a maximum in the second im- 
age gives the parallax for the point, and its 
elevation is then readily calculated. 

In most cases, the crosscorrelation can be 
carried out over a rather restricted range of 
the second image. In a valid stereo pair, the 
parallax is mostly lateral (corresponding im- 
age points are displayed normal to the tilt 
axis, which is the perpendicular bisector of 
the line between the two eyepoints). Further, 
there is a maximum amount of displacement that 
can be tolerated, depending on the maximum 
amount of relief that can be expected, and on 
the limitations in the visual system for imag- 
ing objects with too great a disparity. This 
restriction usually means that the search 
needs to be carried out over only 1% or less 
of the total image area, in a stripe of narrow 
height and finite width. Even greater effi- 
ciency is possible if the crosscorrelation is 
performed only against a similar list of in- 
teresting points found in the second image. 

The use of brightness differences in the 
crosscorrelation relaxes the dependence on im- 
age illumination, which mimics the human visual 
system's ability to compensate for great 
changes or unevenness in lighting. That is es- 
pecially important in SEM images obtained by 
tilting the specimen, because doing so usually 
also changes the image brightness and contrast. 

Parallax calculations yield the spatial xX, 
Y, 2 coordinates of each of the matched points, 
which then define the surface. To reconstruct 
the entire surface from these points, interpo- 
lating between them, we can construct a Voronoi 
tesselation of triangles using the irregularly 
distributed points as vertices. Each triangu- 
lar facet represents a portion of the surface 
which we assume to be planar. This is not a 
bad assumption, because if the surface were 
locally irregular, it should have produced an 
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FIG. 1.--Simple line detector formed by lateral FIG. 3.--Rotation of pseudo-variable axis in 
inhibition between neighboring receptors. two dimensions, with resulting pdf's. 
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FIG. 2.--Example of two classes of 
objects based on shape factor, and 
their pdf's. 


FIG. 4.--Random dot stereogram with raised 
central plateau. Tesselation of cliff area 
shown is perceived as square with vertical 
sides. 


FIG. 5.--Three possible interpolations of 
ambiguous serial section data. 
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"interesting point't which would have subdivid- 
ed the triangle. From these triangles one can 
straightforwardly perform measuremtns of ele- 
vation profiles, drawings of contour MADS , and 
integration of volume and surface area. ° 

When the human visual system looks at a 
random dot stereogram (Fig. 4) that is basi- 
cally similar to our array of interesting 
points, it applies some further rules to sim- 
plify the surfaces. Boundaries between sur- 
faces of small orientation differences are not 
seen as edges; instead, a smooth curve is in- 
terpolated. Furthermore, the irregular bound- 
ary between groups of facets that lie at quite 
different orientations is simplified to a 
single fold line.?’ 

There is also a strong preference on the 
part of the human viewer for simple curves and 
straight lines, for angles between lines and 
surfaces that are simple angles (e.g., 90°, 
60°, or 44°), and for orientations that corre- 
spond to up, down, left, and right as the im- 
age is viewed. These may be incorrect biases 
on our part, especially when looking at micro- 
scopic images of natural surfaces rather than 
macroscopic man-made objects. Still, our 
stated goal was to duplicate the visual sys- 
tem's preferences and constraints. 

We can do it by weighting each triangle 
edge by the surface angle across it, and then 
selecting only those lines with a large value. 
These lines can be furthermore linked together 
by a weighted regression, which averages the 
line orientations and positions with weighting 
that prefers multiples of 30° or 45°. The re- 
sult is to interpolate simplified boundaries 
that may correspond to object outlines, within 
which three-dimensional measurements of size 
and shape can be performed just as for two- 
dimensional images. In the figure, the small 
disparity among points on the base plane and 
on the raised plateau is ignored, which pro- 
duces the illusion of a raised central plane. 
Further, although the actual cliff is irregu- 
lar, visual simplification imposes a square 
shape. We "see'! a cube on a flat surface. 


Multtple Image Planes 


In general, a series of image planes is 
different from a three-dimensional array of 
pixels. In some cases, such as the ion micro- 
probe, it is possible to build up a three-di- 
mensional array of pixels in which each repre- 
sents a cubical point in space, just as a pix- 
el represents a small square in a 2-D image. 
Even in this case there are problems with in- 
terpreting the yoxels aS cubes, because the 
depth dimension may be quite different from 
the lateral spacing, and the depth of pixels 
in a plane may not be the same because of non- 
uniform rates of specimen erosion. However, 
the pixels are contiguous in the depth direc- 
tion just as they are laterally. 

For most stacks of images, the individual 
image planes are separated from each other by 
a distance much greater than the spacing of 
the pixels laterally, and no information is 
available from the intervening space. That 
means that information is missing between the 
planes and must be inferred from what can be 
seen, usually by interpolation and probabilis- 
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tic decisions (Fig. 5). If similar features 
are seen in two adjacent planes, it may be 
reasonable to interpolate the same object be- 
tween them, with a smoothly linear set of 
lines and Euclidean surfaces of minimum energy, 
or with lines or surfaces having the same de- 
gree of irregularity as seen in the planar 
sections. Certainly there is no reason to ex- 
pect sudden changes of size or direction be- 
tween the visible planes, and in fact the 
spacing of the sampling planes must be suffi- 
ciently small to prevent missing this kind of 
interesting behavior. 

Sometimes, crossing or branching of objects 
does occur. In this case, we may be able to 
estimate where the point occurs, either by 
linear interpolation or nonlinear fitting 
through feature traces in several adjacent 
planes. However, there are some configura- 
tions of 2-D images that are indeterminate and 
it is only possible to estimate the relative 
probabilities of different structures between 
the planes based on the frequency with which 
similar structures are observed in the 2-D im- 
ages. The logic to decide on the contiguity 
relationships between objects in adjacent 
planes is therefore a bit different from the 
logic of connecting touching pixels together 
in a 2-D image. 

One thing that can be learned from a serial 
section image stack is a three-dimensional re- 
construction of the object(s), by one of two 
rather different approaches. The first is to 
construct two outline images of the individual 
sections, viewed from slightly different loca- 
tions to produce a stereo pair; the second is 
to model the surfaces between these outlines 
to show a solid body representation of the ob- 
ject. Both methods have advantages and disad- 
vantages. The presentation methods are simi- 
lar to those used for tomographic reconstruc- 
tion, but the image data are obtained in a dif- 
ferent way. Tomograms use a synthesis of mul- 
tiple 1- or 2-D projections to form a 2- or 
3-D image of the inaccessible interior of a 
sample. 

The outline method for presentation relies 
on the abilities of the human visual system to 
understand the image. Measurement of volume 
is possible by addition of the areas of the 
sections, and the 'twire frame’ drawing allows 
us to see internal structure. However, it is 
difficult to see the behavior of the object in 
the "depth" direction perpendicular to the 
planes of section, and determination of surface 
area and shape are difficult or inaccurate. 

Solid modeling obscures internal details, 
and most important requires significant 
amounts of computation. However, the result- 
ing objects are relatively easy for most view- 
ers to understand and interpret, and three-di- 
mensional measurements of shape and surface 
area can be carried out directly. Fortunately, 
the use of micro- and minicomputers for com- 
puter-aided design/computer-aided manufacture 
(CAD/CAM) applications has led to the availa- 
bility of software that does this kind of mod- 
eling, complete with color coding or shading of 
surfaces and the ability to rotate objects in 
space for viewing purposes (although perhaps 
not in "real time''!). It is usually only neces- 
sary to pass the X, Y, Z coordinates of points 
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on the surface to the display program to gene- 
rate these kinds of images, which are at least 
attractive and may also help to transmit real 
understanding of three-dimensional objects. 

However the three-dimensional objects may 
be viewed, it is important to be able to mea- 
sure them. Just as for 2-D features, a varie- 
ty of parameters may be of interest for mea- 
surement, description, comparison and classi- 
fication. Size is relatively straightforward, 
and includes such parameters as volume, sur- 
face area, maximum projected length, etc. 
Likewise, the location, orientation, integrat- 
ed density, and other parameters are straight- 
forward extensions of the 2-D case. 

Shape is a more subtle and perplexing qual- 
ity. Besides the use of dimensionless ratios 
of size parameters, analogous to the 2-D case, 
it is possible to describe the actual topology 
of an object from its three-dimensional repre- 
sentation. The princial topological parameter 
of importance is the connectivity (the genus, 
or number of holes within the object). From 
the skeleton of the object, the connectivity 
can be determined along with counts of the 
number of branches, number of nodes, and num- 
ber of end points in the skeleton. These de- 
scribe the shape independent of size or orien- 
tation, and are often powerful classifiers of 
three-dimensional objects. 


Itluston 


One of the simplest and most common illu- 
sions (Fig. 6a) is that two lines of equal 
length appear unequal if their ends are joined 
to lines that extend outward or inward. Simi- 
larly, curvature or orientation or different 
thicknesses or densities of the lines can make 
them appear unequal. It is easy to write a 
computer program that is not fooled by this 
illusion, and returns accurate measurements of 
line length. But why is the human visual sys- 
tem fooled? 

There are two slightly different reasons 
that combine in these cases.’* For one thing, 
humans see entire objects, consisting of all 
of the connected portions of lines. Even when 
one is trying to select the principal line for 
estimation, the line segments connected to the 
ends of the line act to weight the position of 
the end points, resulting in the illusion. 

Similarly, there is a weighting of orienta- 
tion, of density, and of angles. We impose 
Euclidean geometry on the things we see, and 
prefer to have corners be right angles, or at 
least multiples of 45° or 60°. In Fig. 6{b) 
the weighting of orientation by the short ver- 
tical and horizontal lines makes the diagonal 
lines appear to be not parallel. This illu- 
sion is accomplished in the visual system by 
an inhibition mechanism not between adjacent 
pixels, as mentioned before, but between cells 
that detect orientation. The vertical bars, 
for instance, produce an output from cells 
that detect them, which in turn inhibits the 
output of vertical sensing cells for the diag- 
onal line, making it appear to be rotated to a 
more horizontal orientation (and mutatis mu- 
tandi, for the diagonal line with horizontal 
bars). 

How can we make the computer measure these 
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images in the same way? An operator that mim- 
ics the human visual system in this case is 
the Hough transform, which can assign to each 
point in the image an orientation vector that 
is the distance-weighted average of all edges 
present. This transform tends to extend lines 
or contract them, depending on the line seg- 
ments at the end, as in Fig. 6(a}). It also 
weights the line orientations in Fig. 6(b) so 
that they appear not to be parallel. 

What good is such a foolish transform? 
Well, another thing that the human visual sys- 
tem does rather well is to supply missing 
lines (see Fig. 6c). We can use the Hough 
transform to supply missing lines such as 
grain boundaries, to find linear patterns in 
noisy data, and to refine jagged boundaries 
into simplified, smooth object outlines.°® 
When images are incomplete or noisy, this may 
be an important tool. Similar operators are 
used to find corners, which are even more 
strongly selected by the human visual system. 

Inhibition in the human visual system is 
both lateral (the key to locating edges and 
corners) and temporal. ‘Temporal inhibition or 
saturation is easily demonstrated by negative 
afterimages. View a brightly illuminated 
shape, especially one in color, and then look 
at a plain gray card. The image will appear 
in the complementary color. Temporal inhibi- 
tions are easily modeled by use of multiple 
image planes to contain a time sequence of im- 
ages, and of weighted subtraction or Boolean 
logic to combine the images. This process 
makes it possible to follow objects as a func- 
tion of time, and to interpolate in time just 
as the human visual system does when watching 
a movie. It is especially powerful as a mo- 
tion sensor. It is not surprising, then, that 
we see moving edges before anything else in 
an image. 

If we knew more about how the eye encodes 
information on edges and corners, and their 
relationship to each other, and the visual 
system's rules by which nearby or similar fea- 
tures are connected together to form objects, 
we would advance significantly on the road to 
recognition of simple objects such as hand- 
written letters and numerals, which are recog- 
nizable to a small child even when written in 
a variety of styles in ways that intentionally 
violate all the conventions that might logi- 
cally be selected to define the pattern. We 
shall also be able to find better ways to pre- 
sent information to the viewer, especially the 
sort of multidimensional data often encount- 
ered in image analysis.?° 

A final example of illusion is brightness 
aliasing (Fig. 7}. In the Mach bands, we per- 
ceive a variation in brightness near each 
boundary that increases the magnitude of the 
actual step. When such a variation is actual- 
ly present, as in the Craik-Cornsweet-O'Brien 
illusion, the visual system treats it as an 
edge and overcompensates, so that the equal 
brightness areas away from the boundary are 
judged to be different. 

Because of its interest in edges, the vis- 
ual system preserves or expands brightness 
changes across discontinuities. But it fills 
in intervening areas and does not see gradual 
changes of brightness as indicating edges, 
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A: Miller-Lyer lines: 
the horizontal lines 
actually have the 
same length. 


B: Zéllnar fines: the 
oblique lines are 
actually parallel. 


C: Kanizsa’ triangle has illusory 
boundaries and a brightness 
greater than its surroundings. 


6.--Three illusions. 


FIG. 7.--Craik-Cornsweet-0O'Brien 
contrast illusion (top) and Mach 
bands (bottom) show response 

of visual system to edge con- 
trast and its ability to affect 
uniform regions. 
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This allows us to see objects even in the 
presence of nonuniform illumination and (to- 
gether with the ability to normalize for local 
or overall changes in absolute brightness) to 
see things under quite nonideal conditions of 
lighting. The mechanism is based on lateral 
inhibition, and can be modeled directly using 
Laplacian or derivative operators. 

There are many other illusions, some well 
known, that can be explained and modeled by 
simple computer algorithms, and many more that 
cannot yet be fully explained, Attempting to 
understand them may present us with additional 
image processing, recognition, and measurement 
tools, 


Conelustons 


Work by computer scientists, neuroanatom- 
ists, electronics and device experts, and (not 
least) image analysts is contributing steady 
growth to our basic knowledge of human visual 
processes. They are heavily parallel, hier- 
archical, and probabilistic. They are also 
marked by extreme economy: very few individ- 
ual pieces of information are extracted from 
millions of pixeis at the retinal level and 
communicated to higher levels in the brain, 
yet they are usually adequate for object iden- 
tification and scene interpretation. The or- 
ganization of this information is by feature 
or object rather than by pixel. 

Consideration of these results leads to the 
selection of a number of useful algoriths for 
image processing (e.g., spatial domain opera- 
tors) which can pick out boundaries based on 
subtle characteristics such as texture, join 
incomplete boundaries, and simplify irregular 
ones. Measurement parameters for object size 
and location are much more accurate with sim- 
ple computer algorithms than any visual esti- 
mate, but shape is much more difficult to 
quantify. Efforts are still under way to de- 
velop algoriths that extract those character- 
istics of object shape to which the human vis- 
ual system responds. That is especially true 
for three-dimensional structures, in which 
some information is either hidden by fore- 
ground objects or must be interpolated between 
successive image planes, and orientation~in- 
variant shape estimators are required. 

It is practical now to create expert sys- 
tems for object recognition and selection. 
They can be readily trained with small suites 
of archetypical objects (which by virtue of 
their human selection may not represent the 
real world}, and will continue to learn from 
subsequent use. They are quite capable of out-~ 
performing the human trainer, and by virtue of 
yielding results that are subtle and not al- 
ways obvious to the observer, can be consid- 
ered to exhibit some degree of artificial in- 
telligence. More powerful computer architec- 
tures are especially important in dealing with 
images, which place severe burdens on conven- 
tional systems. Massive parallelism is espe- 
cially suitable for image handling, but it is 
not easy to take advantage of it with existing 
programming languages. Considerable progress 
in all these areas of computer "seeing" is 
being made, but few final answers can yet be 
glimpsed. Developments of software algorithms 


and hardware architecture can be expected to 
proceed hand in hand into the foreseeable 
future. 
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COMPUTER COMPARISON OF DIGITAL IMAGES 


R. B. Mott 


Digital acquisition and processing has become 
a routine analytical tool for electron images, 
light microscope images, and two-dimensional 
X-ray composition maps. Fiori et al. have 
given a concise summary of desirable features 
in an interactive digital image display sys- 
tem, including zoom/pan under hardware control 
and the ability to overlay text and histo- 
grams.* Techniques such as pseudo-coloring,. 
digital filtering to suppress noise or enhance 
edges, and gray-level histogram stretching for 
improved contrast allow the operator great 
flexibility in modifying the original image to 
emphasize features of interest./’* Besides 
visual enhancement, digitization of images 
permits precise, controllable comparison be- 
tween them. Small computers cannot do these 
comparisons rapidly in software; new compari- 
son and display hardware in the PGT System 4+ 
performs video-rate interactive comparison 

on two digital images stored in independent. 
frame buffers. This paper defines desirable 
system features for digital image comparison, 
and explores the considerations involved in 
making such comparisons valid and displaying 
the results effectively. 


Why Image Comparison? 


We perceive images by relating them to oth- 
er images we have seen before, so in that 
sense we are always doing image comparison. 
More specifically, we are often interested in 
the differences or similarities between pairs 
or sequences of images. Many examples can be 
taken from the semiconductor industry, such as 
comparing failed parts against good ones by 
voltage-contrast techniques, or time-sequence 
tracing of fault propagation in integrated 
circuits.*’* Images of the same sample from 
different signals, such as x rays and back- 
scattered electrons, are also likely candi- 
dates for comparison. Indeed, we may wish to 
compare the same digital image before and af- 
ter a series of processing operations. 

The traditional presentation of side-by-side 
images can give a visual impression that some- 
thing has changed, but determining exactly 
what it is may not be easy. If our interest 
is in minor changes of detail in a reasonably 
complex image, side-by-side inspection is 
either quite tedious or fails altogether. The 
comparison result must be presented as a single 
image in order to engage the eye's feature 
recognition capacity. 

Three problems are associated with image 
comparison. First, the images must be brought 
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into spatial registration so that correspond- 
ing points are superimposed. Second, the im- 
ages must be normalized for contrast and 
brightness or differences in digitization 
parameters. Finally, an image comparison op- 
erator must be selected and the results mapped 
onto the display. 


Spatial Registration 


The general linear transformations in the 
plane are scaling (zoom, magnification), 
translation (offset inx and y), and rotation. 
Often translation alone will suffice; if two 
integrated circuits (ICs) are aligned the same 
way inthe microscope stage, an attempt to dig- 
itize the same region of the two ICs at the 
same magnification is likely to differ only by 
a simple offset. The display hardware should 
allow pan and zoom of the two images indepen- 
dently relative to each other, with comparison 
performed between pixels superimposed on the 
screen regardless of their relative positions 
in the, two frame buffers. The zoom function 
should be nearly continuous, so that small mag- 
nification differences can be corrected--a 
feature that is also useful for images of dif- 
fering resolutions. X-ray element maps are 
often collected at coarse resolution relative 
to electron images, due to the lengthy dwell 
time per point for usable statistics. An 
X-ray map can can be zoomed up and matched a- 
gainst the electron image; since many low- 
resolution x-ray maps will fit in a single 
frame buffer, maps for multiple elements can 
be rapidly overlaid in sequence. 

Of course, in many cases the simple trans- 
formations available in display hardware are 
not adequate. The images may be rotated with 
respect to each other. Images of flat samples 
taken at different tilt angles, or rotated 
and tilted, have different apparent aspect ra- 
tios between the image axes. Bright describes 
a comparison between a transmission and back- 
scatter image in which nonlinear distortion 
occurs that cannot be corrected by linear op- 
erations. 

Geometric correction algorithms originally 
developed for use on Viking Mars Lander images 
and in satellite cartography can be readily a- 
dapted tohandle even the nonlinear cases if 
the user is willing to specify tie points in 
both images.® However, if the samples are 
very rough and the images taken at different 
tilt angles,there will be areas where regis- 
tration is impossible because the signal is ob- 
scured in one image or the other. 


Brightness and Contrast Normalteatton 


When the images to be compared represent ac- 
tual counts at each pixel, such as the number 
of characteristic x-ray photons detected for a 
given element in a given length of time, the 
mapping of those counts onto the gray levels of 
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the two frame buffers can be adjusted arbi- 
trarily to suit the analyst's convenience, and 
quantitative comparison is well defined. 

If the signals that formed the two images 
have no obvious numeric relationship, as in 
x-ray counts and backscattered electrons, the 
comparison operations are more likely to be 
qualitative (simple overlay) or logical--mask- 
ing the electron image by the presence or ab- 
sence of various combinations of elements. 
Normalization of brightness and contrast is 
reduced to a matter of taste in the electron 
image and thresholding in the x-ray image(s). 

When two electron images are to be com- 
pared, the first issue is the selection of the 
contrast mechanism appropriate to the analyti- 
cal problem from the possibilities tabulated 
by Newbury.’ Then the SEM and digitizing pa- 
rameters are chosen to minimize contributions 
from other contrast sources. Also, we must 
assume that any gradual spatial variations in 
brightness and contrast within the individual 
images (for example, due to uneven illumina- 
tion) have been digitally corrected. Bright 
and Steel list some methods for such correc- 
tions.°® 

The remaining variations in brightness and 
contrast between the images can arise from two 
sources. One is real information representing 
differences that we wish to observe; the other 
is a global difference in the digitization 
mapping of the analog signal into the (typi- 
cally 256) digital gray levels. This last 
manifests itself as a shift or stretch (which 
may not be linear) in the gray-level histogram 
of the digitized image. In fact, if the digi- 
tizing dynamic range is chosen incorrectly, 
information may be lost due to clipping at the 
high or low end of the digital gray scale. 

A histogram transformation can be per- 
formed, but the choice of transform function 
will be somewhat arbitrary unless a reasonable 
calibration of gray level to some physical 
quantity exists, such as voltage in voltage 
contrast images or average atomic number in 
backscatter images. If the images have dis- 
tinct phases that result in sharp peaks in the 
gray-level histogram, the normalizing trans- 
form can be defined by matching of the corre- 
sponding histogram peaks via software. 


Arithmette Compartson Operators 


Many operations can be performed on the 
corresponding pixel pairs from the two images 
once the appropriate spatial and intensity 
normalizations are made. The familiar arith- 
metic functions add, subtract, multiply, and 
divide can be used, but certain constraints 
apply when the results are mapped back onto 
the display. 

The problem arises because the results of 
arithmetic operations on N-bit numbers have a 
dynamic range greater than N bits, so that 
some scaling function must be applied to com- 
press the results back into an N-bit display. 
Subtraction is particularly messy because the 
results may contain negative values. Possible 
approaches include clipping negative results 
to zero; folding about zero (displaying the 
absolute value of the difference); and setting 
zero to be medium gray (128 in an 8-bit image), 
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with positive differences extending toward 
white and negative differences extending 
toward black. The last method is confusing in 
gray scale but useful when the gray levels 
representing positive and negative values are 
pseudo-colored differently. 

The results of addition may also be clipped 
at the maximum intensity for sums that exceed 
8 bits, or the two original images may be pre- 
scaledtohalf intensity. If the latter solu- 
tion is adopted, the images are effectively 
averaged. 

Addition and subtraction can only generate 
9 bits of dynamic range from 8-bit images, but 
multiplication and division can generate 16 
bits (65 536 levels) of dynamic range, which 
presents a much more serious problem in se- 
lecting an appropriate mapping of results to 
the display. An arbitrary fixed mapping is 
very likely to compress the information of in- 
terest into a very few gray levels. The abil- 
ity to adjust the mapping interactively is 
preferable. 

The capacity for high-speed arithmetic op- 
erations on the individual images before com- 
parisons are made is also useful. In addition 
to contrast enhancement by gray-level scaling 
or shifting, higher-order functions such as 
logarithms, powers, and roots may be of in- 
terest. These functions cannot be completed 
in one frame time, but response time well under 
1 s seems reasonable. 

Once again, the results must be scaled into 
the 8 bits of the frame buffers, but within 
that limitation the analyst can generate com- 
plex combinations of point and comparison op- 
erations,such as the ratio of the logarithms 
of two images. In general the scaling cannot 
be inverted to restore the gray levels to 
their state prior to the last operation; 
therefore, the original gray-level images 
should be preserved to allow the analyst to 
"undo" undesirable results. Such preservation 
also permits rapid application of several com- 
parison operators to find the one that per- 
forms best. 


Boolean Logte Compartson Operators 


The Boolean logic operations such as AND, 
OR, and XOR are commonly thought of as single- 
bit functions defined on binary images.® One 
can readily extend them to 8-bit gray-level 
images by performing the operation bitwise on 
the corresponding bits of the two input pixels 
to generate an 8-bit result. There are no 
difficulties with dynamic range, since the re- 
sult has the same number of bits as the inputs. 
However, 8-bit logic operations can be coun- 
terintuitive; consider a pair of pixels having 
adjacent gray levels (Table 1). 


TABLE 1.--Worst-case results of 8-bit logic 
operations 


127 (decimal) 01111111 (binary) 


128 10000000 

0 00000000 (result of AND) 
255 11111111 (result of OR) 
255 11111111 (result of XOR) 


Qur sense of Boolean logic leads us to ex- 
pect that something ANDed or ORed with itself 
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should produce itself, and that something 
XORed with itself should produce zero. Two 
adjacent gray levels would be almost indis- 
tinguishable in an image; yet the logical AND 
produces zero; the logical OR produces a pixel 
roughly twice as bright as the input pixels, 
and the logical XOR produces the opposite of 
the expected result. Less dramatic but simi- 
lar problems occur near any major bit transi- 
tion. 

Even fairly homogeneous regions of an image 
have local fluctuations of a few gray levels. 
Therefore, the bitwise logical operations are 
not very useful if performed directly on the 
gray levels of the image. However, one would 
like to extend these operations beyond the 
simple binary cases to multiple-phase images, 
voltage-contrast images, or multiple-element 
X-ray maps. 


Combining Pseudo-cotor with Compartson 
Operattons 


Consider the properties of the Boolean log- 
ic operations in general terms. The AND func- 
tion detects a match between two quantities; 
the OR blends them; and the XOR detects dif- 
ferences. Pseudo-coloring has three very in- 
teresting properties in this context: first, 
data reduction by grouping related gray lev- 
els into a single entity; second, data en- 
hancement by increasing contrast between near- 
by gray levels; and third, correction for 
brightness and contrast differences by paint- 
ing different gray-level groups in the two 
images with the same color. If the raw gray 
levels are transformed into codes representing 
their assigned pseudo-color, the problems dis- 
cussed above in applying Boolean logic to 
gray-scale images disappear. Painting an image 
in pseudo-color is a familiar and simple in- 
teractive process for setting thresholds on 
the gray scale. 

Consider Miller's color-coding scheme for 
voltage-contrast images.* If two such images 
are color-coded consistently, regardless of 
differences in their gray-level histograms, 
they are directly comparable on the basis of 
color. An XOR between images of a good and a 
failed part cancels everywhere the colors 
match, leaving only color mismatches--regions 
where the parts behave differently. 


Comparing an Image Against Itself 


Surprisingly useful results can be obtained 
by storing the same image into both frame buf- 
fers. If each frame buffer is loaded with 
multiple low-resolution x-ray element maps, 
rapid pairwise element comparisons can be 
made. One can do crude but very fast and non- 
destructive smoothing or edge detection on a 
gray-level image by loading it into both buf- 
fers, panning the images slightly relative to 
each other, and invoking the averaging or sub- 
traction comparison operators, respectively. 
Then, if an edge finding filter is used on one 
copy of the image, the detected edges can be 
thresholded in white and superimposed on the 
original image with the OR operator. 


Conelustons 


Many vendors and authors have discussed 
digital image processing techniques as a data- 
enhancement tool, but few have considered in 
detail the problem of comparison between digi- 
tized images. The importance of rapid, dynam- 
ic interaction with the analyst is empha- 
sized;* such interaction requires hardware 
support for an effective rate of arithmetic op- 
erations on gray-scale images two to three 
orders of magnitude faster than software run- 
ning on general-purpose laboratory minicomput- 
ers.. The hardware should also be able to 
perform arithmetic point operations at high 
speed on the individual images prior to com- 
parison. 

It is desirable to preserve the original 
gray-level data so that many comparisons can 
be made in sequence without accumulating the 
errors inherent in scaling the point opera- 
tion and comparison results back to an 8-bit 
display. 

Bitwise extensions of Boolean logic opera- 
tors do not work well for gray-level images; 
however, useful results can be obtained for im- 
ages with multiple well-defined phases or oth- 
er groupings of gray levels, as in voltage 
contrast, by applying the Boolean operators to 
pseudo-colors assigned to the gray-level 
groups. 
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AN OBJECT FINDER BASED ON MULTIPLE THRESHOLDS, CONNECTIVITY, AND INTERNAL STRUCTURE 


D. S. Bright 


This paper describes a robust algorithn, 
called the Blob splitting algorithm, for 
finding simple objects in digital images that 
have variable backgrounds. Locating objects 
in digital images with computer algorithms is 
difficult where there is a large background 
(compared with the brightness of the objects), 
where the objects are of various sizes (and 
shapes) and have fuzzy edges, or where the ob- 
jects are not clearly separated. More conven- 
tional means that have been unsatisfactory in 
such cases are simply setting the threshold,? 
finding edges first via the gradient of the 
image,? or using gated filters such as the top 
hat filter.* The algorithm here may seem sim- 
ilar to the erosion operation for binary im- 
ages,+** except that obtaining a binary image 
in the first place requires setting the thres- 
hold--a step that this algorithm avoids by 
working at multiple thresholds. Morphological 
operations such as erosion are being applied 
to gray-scale images, but the work is still 
under development. 

As an example of the inadequacy of simply 
taking the threshold, Fig. 1 shows a mesh plot 
of part of an image of particles taken with an 
ion microscope. Figure 2 is a hand-drawn 
schematic contour plot of the four particles 
in Fig. 1. A simple threshold (i.e., a hori- 
zontal slice through the surface of Fig. 1) 
either misses particle B (Fig. 2, at intensity 
50), or does not resolve particles C and D 
(Fig. 2, at intensity 40). 


Objeet-finding Algorithm 


For simplicity, we assume dark-field images 
throughout the following discussion. 

The algorithm can be thought of in terms of 
the relationships of contour plot isophotes, ® 
which we will just call ‘contours! or lines of 
constant intensity. A contour is said to 
split when it encloses more than one contour 
of equal intensity. For example, the outer- 
most contour of intensity 10 in Fig. 2 splits 
into three contours of intensity 20. As the 
intensity increases (typically in increments 
of Hmin, to be defined later), objects are de- 
fined as contours that have just resulted from 
a split and that do not themselves split with 
subsequent values of the threshold. The solid 
contours in Fig. 2 represent objects defined 
in this way. 

For implementing the algorithm on a compu- 
ter, it is easier to think in terms of groups 
of pixels. If a threshold is set for a given 
gray-level image, a binary image results, con- 
sisting of pixels with intensity greater than 
or equal to the threshold. Such pixels may be 
grouped by connectivity. A group of pixels in 


which every pixel is adjacent to at least one 
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other of the group is called a blob.’ In this 
particular case, all pixels of the group are 
also brighter than the given threshold. 

Objects are chosen from the blobs during 
the process of incrementally raising the 
threshold from the lower to the upper limit. 
Objects are blobs that have just split from a 
larger blob as the threshold is raised and 
that do not split for any subsequent threshold 
increments. The algorithm is therefore called 
the blob splitting algorithm. 

With noisy images, a blob often splits into 
a smaller blob and single pixels or small 
groups of pixels. Therefore, the blob split- 
ting algorithm requires a definition of Amin; 
the minimum area (number of pixels) for a blob 
to be considered an object. Noise may also 
appear as small undulations in an otherwise 
level background. The algorithm also requires 
a definition of Hmin, the minimum blob height 
(regardless of area} for a blob to be consid- 
ered an object. The blob height is the maxi- 
mum pixel intensity of the blob less the mini- 
mum, or threshold, blob intensity. Neither 
Hmin nor Amin are critical to the performance 
of the algorithm, and each can be approximated 
if the nature of the image to be analyzed is 
known. 


The Blob-splitting Algortthm 


The algorithm uses two lists of blobs for 
input and output: a working list and an object 
list. Initially, the object list is empty and 
the working list consists of the image-filling 
blob at the minimum threshold. The algorithm 
repeats steps 1 and 2 below until the working 
list is empty and then gives the object list 
as the result. 


1. Select a blob B from the working list. 
Set the current working threshold Tw to the 
threshold originally used to get blob B. 

2. Set Tw to Tw + Hyin and make a tempora- 
ry list T of the resulting blobs. Discard any 
blobs with area less than Amin or height less 
than Hmin. 


a. If the list T has one blob, repeat 
step 2. 

b. If list T has no blobs, put blob B 
on the object list. 

c. Otherwise, list T has two or more 
blobs and splitting has occurred. Put the 
blobs in list T into the working list. 


Results 


The algorithm has been used in the labora- 
tory in the analysis of several types of im- 
ages. One type is spots in electron-diffrac- 
tion patterns taken on an analytical electron 
microscope in the diffraction mode; the other 
images of particles taken with an ion micro- 
scope. 

Figure 3 shows an electron diffraction pat- 
tern. In many cases, the top-hat filter? 
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isolates the diffraction spots, but in this 
case the diameter of the larger spots is 
greater than the separation of the smaller 
spots and the top-hat filter will not work. 
The rectangles in Fig. 3 are the bounding rec- 
tangles of the blobs found by the biob-split- 
ting algorithm. 

Figure 4 shows a barium image of particles 
taken with the ion microscope. The logarithm 
of the intensity has been photographed to show 
the dimmer particles. The intensity profile 
taken along the line A-B illustrates the same 
sort of problem as in Fig. 1. Also, though 
not visible from the photograph, the back- 
ground varies enough to make finding the dim- 
mer particles difficult. Figure 5 shows the 
results of the splitting algorithm, where most 
of the particles are resolved and even the dim 
particles are located. 


Conelustons 


An algorithm is presented for locating ob- 
jects in digital images, The blob-splitting 
algorithm is not sensitive to object shape or 
size, but rather to intensities relative to a 
local surround and to internal bright spots 
which potentially are objects themselves. Al- 
though computationally intensive, the algor- 
ithm is robust and is used routinely in our 
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laboratory. Examples of its use include par- 
ticle locations in ion microscope images and 
spot location in electron diffraction pat- 
terns. 
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FIG. 1.--Mesh plot of portion of image of par- 
ticles taken with ion microscope. Smallest 
peak is lower than saddle between two largest 
peaks. 

FIG. 2.--Schematic hand-drawn contour iso- 
photes for four peaks of Fig. 1. Intensities 
for each contour are also for illustrative 
purposes only. Objects found by the blob- 
splitting algorithm are represented by solid 
contours. 

FIG. 3.--Electron diffraction pattern where 
spots of interest vary greatly in size as well 
as intensity. Rectangles represent single 
spot locations as found by blob-splitting al- 
gorithm, 

FIG. 4,--Barium image of field of particles 
taken with ion microscope. Log of intensity 
is displayed. Intensity profile taken on 

line A-B. 

/ FIG. 5.--Same field as Fig. 4, along with rec- 
i tangles that show particle locations as de- 
termined by blob-splitting algorithm. Inten- 
sity displayed linearly. 
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INTERACTIVE SOFTWARE FOR SIMULATION OF HIGH-RESOLUTION TEM IMAGES 


Roar Kilaas 


A new highly interactive and user-friendly 
software package for simulation and processing 
of high-resolution transmission electron mi- 
crographs has been developed at the National 
Center for Electron Microscopy (NCEM) at the 
Lawrence Berkeley Laboratory. Designed to be 
used by scientific visitors to the Center, the 
software is completely menu driven from a 
graphics terminal with a mouse and requires 
almost no computer knowledge for proper usage. 
Although the software is written to insure 
Maximum performance with hardware available at 
the NCEM, hardware-dependent code is kept in 
separate modules that are easily modified. 

The new software package combines an unparal- 
led ease of use with the latest theory in the 
field of simulation of high-resolution trans- 
mission electron micrographs. 

There has been a tremendous improvement in 
computer hardward in recent years. Only a few 
years ago, image simulations of high-resolu- 
tion electron micrographs were mostly done on 
large mainframes and often overnight. Images 
were printed out the next day in the form of 
overprinted characters on computer paper. To- 
day it is possible to purchase a micro/mini- 
computer such as a MicroVax or a Sun, connect 
it to a small array processor and a framestore, 
and compute images faster than it is possible 
on a computer costing millions of dollars-- 
and all at a cost of less than $100K. Inter- 
active software is gaining popularity at the 
expense of software written to run in batch 
mode. With almost instantaneous results 
available in most cases, the user often re- 
quires the capability of immediate change of 
input and output parameters. That is the case 
at the NCEM at Berkeley, where a new dedicated 
facility for computer processing and simula- 
tion of electron micrographs has been a major 
project for the past two years. Hand in hand 
with acquisition of hardware there has also 
been a major effort in software development. 
Experience with previous software had shown 
that there are many factors beyond the ability 
to solve certain equations that determine the 
usefulness of a set of programs. Some of the 
more important factors are listed below. 


1. The user interface. Apart from the 
ability to produce correct results, the user 
interface is the most important feature of any 
type of software andis likely to be overlooked, 


Author Kilaas is at the National Center for 
Electron Microscopy, Lawrence Berkeley Labora- 
tory, University of California, Berkeley, CA 
94720. He thanks Dr. M. A. O'Keefe for assis- 
tance in planning screen outlays and suggest- 
ing useful options and ways to make the pro- 
grams run more efficiently. Dr. O'Keefe's own 
SHRLI programs provided at all times useful 
checks as to the accuracy of CEMPAS. This 
work was supported by DOE under Contract 
DE-AC03-76SF00098. 
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particularly in the scientific community. it 
determines how accessible programs are to oth- 
ers than the author and how quickly new prob- 
lems can be tackled. There are numerous ex- 
amples of powerful software packages that are 
never used to their potential because of the 
time it takes the user to become familiar with 
commands and options. It is also essential 
that some form of help is available other than 
through manuals, 

2. Flexibility. Beyond memory and speed 
considerations there should be no limit on the 
size and shape of the calculation that could 
be performed. Most existing software is built 
around fixed array dimensions, which are often 
of a wrong size and shape for many image cal- 
culations. Calculations of defects especially 
require array sizes that can be varied inde- 
pendently in the two image dimensions and that 
can be made large enough to minimize boundary 
effects when employing periodic continuation.+ 

3. Expanston possibilities. Earlier soft- 
ware packages were often written with tight 
constraints on computer memory and modularity 
of the software was often compromised. Modi- 
fication of these packages so as to take ad- 
vantage of recent developments in hardware is 
then made more difficult. Hardware-dependent 
code should be confined to a set of primitives 
that can be easily modified. 


Each of the above factors had to be ad- 
dressed during the design of the new software. 
{They are further discussed below.) The goal 
was to create a set of programs that was sim- 
ple to use and yet sophisticated enough to al- 
low growth in the future. The culmination of 
this effort is called CEMPAS (Center for Elec- 
tron Microscopy Processing and Simulation), 
which at this stage is primarily a simulation 
software package. A limited number of proces- 
sing is currently being handled by the SEMPER 
software package,? but an integration of 
CEMPAS and SEMPER is also being investigated. 


Destgn Implementation 


The User Interface. The choice of a user 
interface depends on the ultimate user of the 
software; unfortunately there are no easy an- 
swers. The most common interface is the com- 
mand laguage interpreter (CLI), where the pro- 
gram executes functions according to commands 
typed at the keyboard. Parameters associated 
with a given command are provided with default 
values that need only be specified if differ- 
ent values are to be used. Commands are thus 
quickly entered and executed. The advantage 
of this approach is speed; the fingers never 
need to leave the keyboard, The disadvantage 
is the time it takes for new users to learn 
the commands and options to take full advan- 
tage of the software. 

A different approach is to provide input 
through the keyboard via menus. Users respond 
to prompts by entering their choice of command. 
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The advantage is that the user need not remem- 
ber any of the commands; the disadvantages are 
that updating menus takes time and the user 
must be prompted for any parameters. 

The interface chosen for CEMPAS makes ex~ 
tensive use of menus, but instead of typing a 
response from the keyboard, the user responds 
by moving the cursor to a region associated 
with the command aand presses one of the but- 
tons on a mouse. The keyboard is used for in- 
put of data. The advantage is that the time 
required to learn to run the software is re- 
duced to almost zero and the graphics screen 
used with the menus can be used for drawing 
curves, crystalline unit cells, etc., provid- 
ing a very pleasing environment. The disad- 
vantage is that experienced users might find 
it easier and faster to input data from the 
keyboard. 

Another problem not related to how commands 
are input, is determining what information to 
display, what kind of commands to build into 
the program, etc. Unfortunately, new users 
always find they need features that are not 
included and thus the software is always 
changing. 


Flexibility. Some simulation software re- 
stricts users to using arrays of fixed dimen- 
sions in their calculations. Typical dimen- 
sion is a 128 x 128-point array. The largest 
dimension in a calculation is then limited to 
32 A, if the potential is to be sampled every 
0.25 A. To avoid aliasing, the propagator 
should only extend as far as 1/2 the phase- 
grating, which results in a calculation that 
only includes diffracted beams out to 1 ey 
Instead of fixed dimensions, CEMPAS uses vari- 
able array dimensions that are limited only by 
the amount of memory ayailable. Thus if the 
unit cell is 16 x 120 A, the program might 
choose an array of 64 x 512 points. At pres- 
ent the maximum array dimensions are deter- 
mined by the product of the two dimensions and 
cannot exceed 256K (512 x 512, 256 x 1024, 
etc.). 


Expansion Posstbilittes. It is to be ex- 
pected that more efficient and accurate algo- 
rithms will be developed in the future and 
that progress in hardware development will 
continue to reduce computation times further. 
Given sufficient money new hardware can be 
quickly acquired; however, development of 
software takes time, and changes in hardware 
should preferably only require minor modifica- 
tions to a program. CEMPAS is written such 
that every menu option has a subroutine asso- 
ciated with it; so that only subroutines need 
to be modified when algorithms change. Like- 
wise, device-dependent code is limited to a 
set of primitives and only the codes required 
to draw a line between two points, to read the 
cursor position, etc., need to be modified in 
case of a change in the display hardware. The 
penalty in overhead associated with transfer 
in and out of subroutines is offset by the 
ease of maintenance. 


Accuracy of the Calculations. CEMPAS has 
been written to include recent development in 
imaging theory to insure accuracy. At present 
most dynamical scattering calculations employ 
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Fourier transforms, although there has been 
some research into newer algorithms. *** How- 
ever these new algorithms do not offer a prac- 
tical alternative to the use of Fourier trans- 
forms at present.°’® CEMPAS uses a method 
originally published by Ishizuka and Uyeda,’ 
with the addition of the option to include po- 
tential eccentricity.* For accurate subslic- 
ing of the unit cell, the program automatical- 
ly incorporates upper Laue layer interac- 
tions.® In the formation of the image, second- 
order imaging effects are included to insure 
more accurate results.° 


Desertptton of the Hardware. The hardware 
at NCEM will be described in detail in a 
forthcoming paper; only the part that is rele- 
vant to the operation of CEMPAS is presented 
below. A complete diagram of the system is 
given in Fig. 1. 

The heart of the system is a MicroVas with 
7 MB of memory, soon to be expanded to 13 MB. 
Intensive vector operations, such as opera- 
tions on large arrays, are performed in the 
CSPI MM+4 array processor. The CSPI MM+4 con- 
sists of four array processors that can be run 
in parallel to give a performance enhancement 
over the stand-alone MicroVax of a factor of 
20 to 80, depending on the number of array 
processors that are employed in the calcula- 
tion. Images are displayed on TV monitors 
connected to a dual user GOULD 9527 image pro- 
cessor; hardcopy is provided on the Apple La- 
serwriter. Images are stored on a SOOMB for- 
matted Fujitsu Eagle II Winchester disk drive. 
Archiving and backup is onto 6250bpi magnetic 
tape in a Kennedy tape drive. 


Desertptton of CEMPAS. CEMPAS consists at 
present of about 14 000 lines of computer code 
and is continually being improved and expanded 
as enhancements are needed. Approximately 35% 
is written in FORTRAN, 64% in C, and 1% in 
VAX11 MACRO. The user interface is written 
entirely in C; most of the number-crunching 
routines are written in FORTRAN. A few rou- 
tines were written in ASSEMBLER to increase 
speed. 

As previously mentioned, the use of menus 
and a pointing device makes CEMPAS extremely 
easy to use. Several users of the NCEM facil- 
ities have already made use of the software 
without having had to consult a manual. The 
use of menus eliminates the need to remember 
commands, and displays all options in plain 
view. To obtain help on a specific command, 
the user need only point at the command and 
press “h" on the keyboard to produce a help 
message. Input is simplified by the fact that 
scattering factors for the first 98 elements 
and crystallographic data on all 230 space 
groups are stored in the program, and the user 
is being prompted for any other necessary in- 
formation. The program automatically creates 
the proper input files such that the user is 
not required to learn how to edit files. All 
parameters needed in a calculation are visible 
to the user and can be changed immediately. 

To insure that the program has the correct 
data, there are several ways of drawing the 
unit cell with the atomic content. Images, 
diffraction patterns, "optical" diffractograms, 


Pendellésung plots, Contrast Transfer Function 
plots, etc. are easily calculated and promptly 
displayed. Images can be zoomed in or out, 
histogram equalized, Fourier transformed, in- 
tensity transformed, filtered and compared, 
again all with the use of the mouse. The list 
below gives some of the more important fea- 
tures of CEMPAS. 


® Input of crystallographic data facilitat- 
ed by a database of the 230 crystallographic 
spacegroups and/or the use of any supplied set 
of symmetry operators. In addition there are 
menu-driven operations that can expand an ex- 
isting unit cell in any particular direction 
to create a large supercell and to create de- 
fects such as interstitials or vacancies or 
vacancies. Atoms can be visually moved around 
in the unit cell and deposited anywhere. 
Further facilities for creating defects, such 
as shearing of subsections, twinning about a 
given plane, etc., are being added. 

@ Viewing of the crystallographic cell from 
any direction, both with or without perspec- 
tive view. In addition, the structure can be 
viewed from a given direction with a specified 
field of view with options of measuring dis- 
tances between atoms, marking 2D or 3D unit 
cell, highlighting of specific atoms, specify- 
ing lighting conditions, etc. 

@ Automatic calculation of a projected 2D 
or true 3D unit cell perpendicular to the in- 
coming electron beam direction for use in the 
image simulation program, viewable with or 
without perspective. 

® Automatic selection of correct array di- 
mensions for the specified model to use in the 
multislice calculation up to x x y = 256K. 

The ability to vary the array dimensions inde- 
pendently is invaluable for simulating defects 
such as grain boundaries, which often has a 
short periodicity along the boundary, e.g., 
though a 16 384 x l6-point calculation. 

@ Visual compositional display of the spe- 
cimen when creating a structure that varies in 
the direction of the electron beam is being 
created. Compositional layers are easily in- 
serted, deposited, and deleted from the struc- 
ture. 

® Display of projected potentials and Fou- 
rier coefficients (structure factors). 

® Computation and display of simulated 
high-resolution EM images. 

® Choice of output ranging from the graphic 
terminal screen to one of three framestores 
or the laser printer. 

® Provision for inclusion of upper~Laue- 
layer interactions though proper subslicing 
of the unit cell potential. Automatic sub- 
slicing of the unit cell potential if the per- 
iodicity along the incident beam direction is 
too large. 

® Inclusion of second-order effects in the 
image formation. 

® Computation and display’of dynamical dif- 
fraction patterns. Options include indexing 
of patterns and modification of the conver- 
gence angle and the camera constant. 

® Plotting of amplitudes/intensities and 
phases vs thickness of any number of selected 
beams. 

@ Plotting of Electron Microscope Contrast 
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Transfer Functions. 

® Positive or negative interpolative zoom 
of images, histogram equalization, histogram 
calculation and specification, and contrast 
and brightness adjustments. 

® Fourier transforms of images or diffrac- 
tograms, high- and low-pass filters, and spe- 
cification of frequency windows. 

® Multislice calculations involving 64K 
beams with 256K interactions in 2 s/slice. 


Examples 


The use of CEMPAS is best demonstrated by 
a subset of the available screens and menus 
to which the user has access. Figures 3-15 
show a typical session with CEMPAS where a 
simulation of a limited through-focus through- 
thickness set of images has been calculated 
for orthorhombic ZrO,. In addition, two 
screens that aid the user in creating struc- 
tures with defects are shown in Figs. 14 and 
15. Figure 13 shows the quality of images 
available from the terminal screen in the ab- 
sence of a frame store. 
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FIG. 1.--NCEM computer system for simulation and processing of transmission electron micro- 
graphs. TK50: 95 MB cartridge tape; RXS50: dual floppy disk drives; RD53: 71 MB fixed disk; 
QDA50/61: controller with 503 MB formatted capacity Winchester disk; CSPI MM+4: 4 individual 


| array processors; Gould IP9527: dual user image processor. Second MicroVax is used in real 
: time data acquisition. 
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FIG, 2.--Display of section of orthorhombic 
ZrO, structure viewed along 110 direction. 
Output routine courtesy of W. O. Saxton. This 
is the atomic model used in calculation of im- 
ages in Fig. 3. 


296 


"O19 WOLF UNL OIe SUOT}E[NITed SOT[ST} INP 

"nue sTYy} ur podeTdstp ore ‘eqep odoosoxrotw YyIIM 
Jayzes0} ‘eyep Teanjonsiys Juezrodut ysom ‘arny 
-onl4s Le[notzIed Jo uote NWIs BurpLeserl uoty 
-eWIOFUT JUSUTILEd SuTMOYS nNUsW SYdNSI--"°S “O1d 


‘Lojtimzasey] etddy uo pequtad AT.uenbasqns pue sLojsawerg pynogj uo 
pexeTdstp }siTjz ot0m saSeuy *%o17 Fo sseyd ItquoYyLoyiI10 Fo soseut 
peyndwiod Jo saties ssauyotTyy-ysnoryy/snso0f-ySnozry Pe1wry---¢ “94 


80°90 2 y ee'2 = 
gaa 2H: SIMU O1LdO dO ‘LNBD 90°0 2H: “LUd¥ 'PGO dO “LNAD 
e2°@ : §Niaua gunivady 
@0°@eZT- + snoo4aq SNaI ‘rao 
009 = y 

e2'@ = H 's194I9 anu do “iNao 
: oe eo-aaet = “LI0A 

eo @ @ ace = CHL 

1 ow oH 1 2YM SHOIGNI BHL @@°@@t «= a0 

SHA + ONTLLOTd Os Lndino ‘Lindy e8°Z = §9 
22°909 SSBNMOIML 10d Wau + adogsouoIN 
z : SHOLY LNA¥AsdIG JO ON ¢ SISU@ ZHL NI SWOLY 40 “ON 
t : a9 LINN Yad SADINS 40 ‘ON 8 SHOLUHBdO AMLAWHAS 40 ‘ON 
@T T ' SIxW aNOZ ea'z * xUHO 
20°96 2 due sa's 29 
00°26 = laa ves = @ 
0a°e6 = wud 19°aT zu 


13d 


19 0 # dnows aouds ZOUZ DIGWOHYGHLYO + YOd LNdNI 
*szosn [Te 01 

STGETTCAG Opeu So,TI 194UsD oe OSOUL *NOWNOD 
poyzeu ooeds “ZF STQe[TeAe aie soanjoNnszis 
TCUCTIIppy “ua. i B 02 BSuTSUOTSq soTTyF 9any 


-ont}s BUTISTXe SuTMoys nus SydWHI--*p “Did 


alld ad3zAu1dsida asn 


[runizu| a21Id MAN ALYaYo 
SWS2 NOOMIZ 
azZors isal AIBLS PIANIAaS 
ANI ds ZLxazors 20s NOSIS 
YyLladois JdaTONEIS PNCIS a1ri0y 
wou ns mo HONILH1d NOYWOSHYLI0 
2ouZzH yZu WNNAddA ION WNISAaNOOW 
Z4aaA01 TagAg1 PponsoYseE TSAOMAMALNI 
SI¢dJYaRLNI dNI a109 OQgNas 
Suus sy tvs iden orirnba 
tearnba wo10da eotG ZIinga 
asyeing asag Ens tZtadNnS gana 
taddog POISZOD #109 MANHBLYE 
Wale PlaLlid tIaLIa palia 
aliI¢@ Soria soziiua BSALUNY 
HANTNO TB oBAT Ie 16 Ite soz 


L190 | a9ud “Added 39¥d LXEN [ Nowwoo =| = WNOSHad 


‘Surduep MoyIM pue YRIM UOTIIUNZ Leysuerz PseLquo)--"G ‘OI4 


pew Of Q = [HEH] atouy “mq wa gz = ‘ded “sadds, 
Yoga] = 84d A’ UO00T = 8Geqop wang 
vooat- = “ag see Tag 
CY J 107024 Bursay429G 
Xe) za 30 ed To 


*suojze uesckxo yUesaorder sorayds [TeuUs 
‘UOTJIOITP ZG WoIZ poMoTA TTe0 tun %o4Z Fo AvTdstq--"g "Old 


Nanlay 


41d 


19d 


‘C5lz Fo oseyd dtauoyroyzO 


dOWWAS 3i3730 


‘nuoul WOT, pezTwoysno ATTSee ote stloyeasdo ALLOW 
-wXks -sdnor8 aoeds o¢z [Te uo uoT eUMOFUT SoeptAord yeYyA aseqeyep 

UL pouTeyUTeW are srojyerado ArzoOUMAS’ SSA, 
-notiied y2IM poyetoosse sitoqyetedo AxyouwXs Fo AeTdstq--"°Z “OI 


Z-S/SSA-ELT A RFELZ 
Z-B/G‘SR-AFELST I R-O7Z% 
Z-S/GKFOL ES AGELS 
ZtO/GAPELSE SK ATELET 
ZtO/SAKtEZT IO RGELST 
ZtHO/S'K-E/ TASKS 
Z-SLSTIRFEST AS KEESS 
Z-O/ TS K-ATEST APESS 
Z-S/ PAE TREE 
ZEST! M-ELT IR AFESE 
ZEST SA-K4ESEA-E7S 
ZEST SAFEST RPELS 
ZrO/TIA-S/ESAWRTEST 
Z-O4 TR“ AFEZT R-S/F 
Z-O9LT RASS AST 
ZOE AFESER-AFELF 


YOLYYBdO AMLAWWAS 


se 
ae 
ve 
es 
ee 
te 
as 
6z 
Sz 
22 
3s 
4 
Fe 
Er 4 
zz 
te 


dOWWAS QO 


‘dnoz3 eoeds ref 


dOWWAS AINBH 


2 
ZHS/T AMEELZ RAST ez 


Z+O/T K-E72'A-E4T 6t 
Z-E/Z'RXFETTSA-X*EST ot 
Z-E/TIMMACEST AEST at 

Z-O/Z6A-E7Z'R-S/T oT 
ZEST RESTOR -AtSLF st 
ZHE/ZA-KFESZ AEST yt 

ZHS/T SAFEST RAST et 

Z-Z/T An SAH zt 
Z-Z/AT SKM ALK tt 
Z-Z/VKTA ot 


ZEZ/ TS ASRAA 6 


ZHE/ TVA“ RIM 
ZEST Ro SAM 


Z-Ro AWK 
Z- RASA 
Z- SAW SK 
ZI RA 
ZlA-RSAH 

ZSATR 


we ovn hr © 


yOLHNadO AMLAWWAS 8 


-sulo1e STSseq 02 s10zerado AIVOUNAS 


yo uotieottdde Aq poyeasues suotitsod wowe Fo Ae[dstq--°9 ‘91d 


NunLad 


AYNdSTd 


O@'t B882'@ G6G6'°@ 
6O°T B882'S G600'8 
Oo't Geaz'a 900S'@ 
Sa°'t Geaaz'@ 00s '@ 
Be°Tt BeeZ'a sedce'a 
es't @ee2°6 2629°8 
OG°T 8682'°8 2621 '@ 
a0°'t 88a2°0 8e49'@ 
G@@°t eeez's@ 2623 °¢@ 
aa°t 66az'e@ SO4e'°6 
[ + zene | @O'% BUB2'S 8823 °9 
Q8't B@az'@ ZBZI ‘So 
aa°Tt 9B92'@ Gesz'S 
[ - aeve | @6'T B6072'°6 @ec2.'@ 
Ga°Tt O962'°6 @esZz's6 
a@°t 8802°@ G652'°8 
| | GG6°T 8@02'@ @6S2'°6 
Milica @o°t @842°@ @8SZ'6 
@@'t G6882°9 @es2'°s 
@@°t 8682'°9 B@SZ'G 
19d 
990 ma 2 


Bese 'sB 
Besz'°a 
aesi'?@ 
@ac.i'G@ 
@s2c'G 
eszt'a@ 
@s29'°@ 
Qasczo's 
@sz5'@ 
6S29°6 
6SZTt "a 
S42 °@ 
veee'a 
S99r a 
Pees’ @ 
$956'¢ 
9996 '°@ 
FEES "A 
$999 °@ 
peta 's 


A 


Ttps'@ 
tIra’@ 
6esr'e@ 
6ecé6é's@ 
69S9'G 
6ss65'@ 
TIvs'@ 
tIpea'a@ 
Gves'@ 
avst'o 
e939¢'@ 
@5Ss'°0 
G99e 6 
a333°@ 
Bros "a 
oret's 


x 


oO z az 
9 4 6t 
0 z et 
0 Zz at 
o Zz of 
i) cA st 
9 cA Pt 
iv) 2 ef 
a Zz zt 
Qo 4 inj 
ts) Zz at 
Q z 6 
-P4 t 3 
yz t 2 
uz t 3 
uz t sg 
az Tt ? 
—¥4 % ¢ 
yz T z 
az t 1 
SWON sdAL #& 


w 


[xe 
A 
N 


*stextd ¢ x ¢ yo oxenbs Aq pojuas ‘s8urtzies 9soyi osueyo 
-ordex st JuTod-a8ewr yove ‘fa8eut suo asTey 0} suoT}do YIM JseI.UOD pue ssauzYystT1q ase 
BUTMOYS Uses [VUTWIO JO WUTIg--"*St ‘OTT -UWi Jo BuTR.eS YUaTIND BuTMOUS NUSW--*TT °OTs 


wana seeniiaits [ vows] [/soed] 
3LIHm wobIG 


AIS19 


aLIHM 
F 


LSBYLNOS 


ALIHM-NIY19 1aS 


299 


-ypusez AeTdstp pue £°94a Sureqyed-uoTy 
-8IfJIp ‘a8eut ‘ao0anos pe .oetTes uo powrosszod 
eq 01 suotze1edo Jo sousnbss yostTes 01 asooys 
uvd rTosn MOY BSUTZEOTPUT NUuOW SYdWAD--°OL °OTs 


: . BONED AUIdS IG iad zonaay 
FO wnzjdeds ramod poandwos pue (4J9T) ure 
-yed uotjoeIssTp Trotueudp peyndwoj--*7T ‘9TA 
eee ns eee : ae : Ee ino woo2 ywaLqI4 ONUdka “Lid Yast 


mrerel 


ud be DISPLAY 
INSERT 


REMOVE 


CHANGE 


RETURN 


FIG. 14.--CEMPAS menu indicating how user can construct unit cell for use in image calculation. 


*ekeke CONSTRUCT PHASE-GRATING SEQUENCE Sake 


LAYER # NANE UNIT CELL THICKNESS 
1 LAYER! 3.83 
2 LAYER2 3.93 
3 LAYERS 3.88 
TOP - 8.80 A (l} Laver: 
EB Laverz 
= LAvERS INSERT 
18.00 


PHASE-GRATING SEQUENCE 
2444212 22222222222233 3333 


57.68 33 


= = 81.008 
BOTTOM- 61.08 A 


RETURN 


FIG. 15.--Menu used to construct specimen 


where composition varies along incident-beam 
direction. 
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TECHNIQUES FOR COMPUTER-AIDED IMAGING IN SEM AND STEM 


J. J. McCarthy, D. A. Christenson, and J. C. Seymour 


Digital control of image collection from scan- 
ning instruments such as the SEM and STEM has 
led to a new generation of image analysis 
equipment. New modes of image collection cou- 
pled with digital image enhancement can mini- 
mize sample exposure to the electron beam and 
still provide acceptable or superior images. 
In addition, the investigator can also col- 
lect, analyze, and correlate analytical data 
(for example, chemistry and mean atomic num- 
ber) with morphological data extracted from 
the stored image. The analytical data simpli- 
fy feature analysis problems that are difficult 
to solve by gray-level segmentation techniques 
alone. The additional analytical parameters 
also complicate feature classification and 
have led to the development of more complex 
sorting schemes. 

This paper describes some of the techniques 
for computer-aided imaging currently available 
and their use in several applications. A spe- 
cific instrumental configuration (TN-5700) is 
briefly described. 


System Deseriptton 


The system used in this work consists of an 
integrated image processor and microanalysis 
system. The major components of the image 
processor (TN-S700) are a 12,5MHz 68010 (CPU), 
disk interface and associated 1/0 controllers, 
a pipelined image processor (PIP), two vari- 
able-size image memories (up to 1024 x 1024 x 
16 bits each), an image display controller 
(640 x 480 pixels, 8 image bits plus 3 overlay 
bits) and an integrated microanalysis system 
(TN-5500) with its own processors. Data ac- 
quisition interfaces include a video camera 
digitizer, a passive digitizer that synchro- 
nizes to external scan signals, and a high- 
performance digital scan generator (HPDSG). 
The operator controls include an ASCII 
keyboard with softkeys, a touchpad for dedi- 
cated functions, and a mouse. Analytical data 
are exchanged between processors over high- 
speed parallel and serial ports. 

The HPDSG and the PIP have been designed to 
enhance image collection from the electron mi- 
croscope (EM). The HPDSG can digitize signals 
from four video inputs simultaneously at pro- 
grammable scan sizes and rates up to a maximum 
of 1024? pixels at 5 frames/s. Image data can 
be averaged on a frame-by-frame basis by the 
PIP during collection. An additional dedi- 
cated high-speed interface from the TN-5500 to 
the image processor allows x-ray images to be 
collected and averaged at video scan rates. 


The authors are at Tracor Northern, Inc., 
2551 West Beltline Highway, Middleton, WI 
53562. They wish to thank J. Walker and G. 
Fritz of Tracor Northern for their assistance 
in developing the Locked-Liberated Analysis 
procedure, 
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Applteation Examples 


Image Noise Reductton by Kalman Frame Aver- 
aging. In general, TV rate EM images have a 
poor signal-to-noise ratio (SNR) due to the 
small number of electrons collected at each 
pixel. A poor SNR obscures detail in the im- 
age and makes fine adjustment of the micro- 
scope difficult. Image quality at slower scan 
rates can also be noise Limited when extremely 
low beam currents are required to obtain high 
resolution or to prevent damage to the speci- 
men. One can address the problem of poor SNR 
in images by averaging the video signal to re- 
duce noise. A traditional method by which one 
can improve SNR is to average the video signal 
by slowing down the raster speed and recording 
the image on film, This type of averaging has 
the disadvantages that long exposure time is 
required, and the image cannot be viewed until 
the exposed film has been developed. These 
disadvantages can be overcome by use of a dig- 
ital image processor that is capable of digi- 
tal frame averaging. Many image processors 
employ some form of temporal digital filtering 
to average input signais. The averaging fil- 
ter (frame integration) and first-order recur- 
sive filters (exponential frame averaging) 
have been widely used. An alternative tech- 
nique, Kalman filtering, has been shown to 
produce optimal frame averaging.’ Kalman fil- 
tering requires specialized hardware and soft- 
ware beyond that required for frame integra- 
tion or exponential averaging. All three 
techniques have been implemented in this sys- 
tem. 

Figure 1 contrasts the SNR improvement of 
the three techniques and illustrates why the 
Kalman filter is optimal. The vertical axis 
plots the improvement in the SNR (in dB) after 
averaging compared to the SNR of a single 
frame. The horizontal axis is the number of 
frames averaged. The diagonal solid line is 
the maximum theoretical improvement of SNR 
that could be obtained. Frame integration and 
Kalman averaging give SNR improvements close 
to the theoretical result. However, the Kal- 
man average can be viewed on a frame-by-frame 
basis during acquisition (5 frames/s), whereas 
the result of frame integration cannot. The 
slight deviation of the experimental Kalman 
curve from the theoretical curve after a high 
number of frames is due to image shift after a 
long time and not to a failure of the averag- 
ing technique. The final curve shows the re- 
sults of exponential averaging for one choice 
of filter constants. This type of filter never 
provides the SNR improvements of the other 
methods and soon reaches a steady-state SNR 
that depends on the filter constant. In any 
event, the SNR improvement is never as good as 
by frame integration of Kalman filtering. 

To summarize, in contrast to other types of 
frame averaging, Kalman filtering provides 
both optimal SNR improvement and the ability 


to see the image on a continuous frame-by- 
frame basis. 


image Enhancement by On-line FFT Process~ 
ing. Ina series of papers, Hashimoto and his 
coworkers* have described the use of FFT pro- 
cessing for image enhancement and for measure~ 
ment of imaging parameters in high-resolution 
EM. Similar applications of the FFT have been 
reported for SEM images.* The TN-5700 can 
perform a complex 2-D FFT on a 512? pixel im- 
age in 15 s. We have used this capability to 
remove artifacts in images (such as 60Hz 
noise) and to enhance the visibility of struc- 
tures in low-dose, high-resolution images. 

Figure 2 illustrates the use of the 2-D FFT 
to remove periodic artifacts from an image. 
Figure 2(a) is the original secondary-electron 
image of a semiconductor chip with 60Hz noise. 
The transform of the image (Fig. 2b) has a 
central region with two spots above and two 
spots below it. These spots were edited out 
of the transform by use of a mask function 
(Fig. 2c) and the inverse transform was per- 
formed. The result is the final enhanced im- 
age (Fig. 2d). 

Figure 3(a) is a low-dose, high-resolution 
image of a faujasite ([111] axis), a type of 
zeolite. The image is very noisy, so that it 
is difficult to see any structure. The image 
was transformed (Fig. 3b) and multiplied by a 
mask function (Fig. 3c). The inverse Fourier 
transform of this image is shown in Fig. 3(d). 
The zeolite microstructure is clearly visible 
in the enhanced image. 


X-ray Mapping at Video Sean Rates. Tradi- 
tional x-ray dot mapping suffers from several 
drawbacks. Since x-ray counting rates are in- 
herently much slower than video signal collec- 
tion, long scan times are required to obtain 
a highly detailed x-ray dot map. The final 
result is not known until the entire process 
is complete and recorded on film for viewing. 
At faster scan rates, the amount of data col- 
lected is insufficient to determine which ar- 
eas produce characteristic x rays versus back- 
ground x rays, except in the rather trivial 
case of high elemental concentrations. Point- 
by-point digital x-ray mapping is a partial 
solution to these difficulties. Background 
subtraction is easily accomplished during the 
mapping acquisition and dwell times can be ad- 
justed to obtain good mapping results for 
small concentrations. The disadvantage of 
point digital mapping is that it often takes 
even longer to collect a map than a tradition- 
al dot map. The longer dwell times per point 
and the line-by-line collection can be a prob- 
lem during map collection on beam-sensitive 
materials. Again, the final result is not 
known until the last line of data is collected, 


"The image processing systemwe have used can 


acquire x-ray maps at video scan rates (video 
rate x-ray mapping, or VRXM), a decided advan- 
tage over other types of digital mapping despite 
the long overall collection time. In the VRXM 
mode, the image processor (TN-5700) accepts 
x-ray counts from the EDS system (TN-5500) 

at maximum rates. The TN-5700 correlates the 
X and Y location of each x-ray event as it oc- 
curs, even at near video scan rates. As the 
TN-5500 continues to accept valid x-ray events, 
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the TN-5700 updates the x-ray map in its mem- 
ory. The result is an x-ray image of the en- 
tire area being scanned. As frame after frame 
is collected, the image is continually inte- 
grated and improves in clarity. In addition, 
rapid scanning minimizes beam damage on sensi- 
tive materials. VRXM images can be collected 
simultaneously with video images of the same 
area and at the same resolution, so that imme- 
diate comparison with specific features of in- 
terest 1s provided. After a few frames, the 
operator can often assess the entire map being 
built up and decide to alter collection condi- 
tions and start again. Once satisfied that 
the conditions are optimum for the desired map 
results, a long-term, many-frame map can be 
acquired for the best statistical result. 

In an illustration of VRXM (Fig. 4), the 
display has been divided into quadrants each 
presenting a 256 x 256 pixel image. Three of 
the images are 16-bit x-ray maps for Au, Cu, 
and Fe; the fourth image is the averaged back- 
scattered electron signal. The sample con- 
tains NBS Au-Cu SRMs in the form of wires em- 
bedded in epoxy mounted in a stainless-steel 
holder. Figure 4(a) was taken after only a 
few seconds of x-ray image acquisition; al- 
though some features are defined, it is diffi- 
cult to discern any detail. Figure 4(b) was 
taken after several minutes of collection; 
variations in elemental concentration are 
shown quite clearly. 


Analysis of Locked Versus Liberated Mineral 
Phases. The combination of x-ray images with 
the normal gray-level image can be applied to 
analysis problems difficult to solve by use of 
video signals only. An example is the deter- 
mination of mineral particle liberation in an 
ore-beneficiation process. Traditional ap- 
proaches rely on the contrast present in the 
backscattered electron (BSE) signals to sepa- 
rate the various ore phases from the gangue. 
This separation is quite difficult, if not im- 
possible, in samples that contain phases with 
very similar average atomic numbers and thus 
produce nearly equal BSE intensities; e.g., 
cubanite (CuFe,S,) and chalcopyrite (CuFeS,), 
which differs by only 0.003 mean backscatter 
coefficient at 20 kV. 

The first step in the locked-liberated 
analysis is to obtain both BSE and x-ray im- 
ages of the field of interest. The BSE image 
can be used to prepare a binary image of all 
the mineral particles (locked, liberated, and 
gangue). A binary image is then prepared for 
each phase to be measured, based on segmenta- 
tion of up to 16 individual x-ray images or 
additional BSE images. All these phase images 
are later combined into a single composite 
phase image. As each mineral particle in the 
primary BSE image is measured, data from each 
included phase are obtained from the analysis 
of the intersection of the image of the mea- 
sured feature with the composite phase image. 

This type of analysis is illustrated in 
Figs. 5 and 6. The upper half of Fig. 5 is a 
portion of the primary BSE image of the speci- 
men; the lower half shows the 8 x-ray images 
used in the construction of the composite 
phase image. Data were obtained from a number 
of fields, and stored for use by a database 
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program which allows sorting of data, plotting 
results, and calculation of computed results. 
A typical result is a histogram of the type 
shown in Fig. 6. The x-axis of the histogram 
is the parentage area that this particular in- 
cluded phase represents in each mineral parti- 
cle. The y-axis is the area fraetion that 
each x-axis bin represents of the total miner- 
al present. 
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COMPUTER-GENERATED THREE-DIMENSIONAL MICROSTRUCTURES 


M. Lakshminarasimha and P. F.Johnson 


Microstructure evolution during phase trans- 
formations has been modeled by several au- 
thors'~° in two dimensions, and for situations 
involving 100% transformation. In this paper, 
we discuss microstructure modeling in three 
dimensions that includes incomplete (i.e., 
100%) transformation in addition to the more 
traditional space-filling case. The geometry 
and topology of the microstructures and their 
distributions have been calculated in three 
dimensions at progressive stages of growth. 
The calculated microstructural features take 
into account the effects of impingement be- 
tween grains. Some of the features are com- 
pared with those obtained from real micro- 
structures. 

Computer modeling of microstructures has 
several uses. The impingement behavior of 
grains can be studied only by computer model- 
ing. Microstructural modeling in three dimen- 
sions can serve as a potential tool for cstab- 
lishing more realistic and accurate micro- 
structure-physical property relationships. 
Sintering behavior may also be studicd from 
this kind of a model.°® 


Computer Simulation Procedure 


The parent phase, called a phase through- 
out, is modeled as a cube of side 256 units in 
which a new phase 8 is nucleated randomly and 
grown. Any type of nucleation--simultaneous 
(cell-model),* constant, or decreasing rate-- 
may be the input. The B grains are assumed to 
grow isotropically. Since we are primarily 
concerned with effects that result from the 
geometry of the microstructure during its evo- 
lution, the assumption of any nucleation or 
growth mechanism is not crucial to any of the 
conclusions that can be drawn, and could be 
modified if necessary. While growth is taking 
place, the microstructure is analyzed at pro- 
gressive times t corresponding to different 
times during the transformation process. The 
8 volume, of interface area, 68 interface 
area, total surface area (af + 88), and aver- 
age radius of each grain are calculated in 
spherical coordinates. 

Each element tested is either a volume, ar- 
ea, edge, or a corner element of the micro- 
structure. If an element is reached earliest 
by only one growing grain, it is a ® volume 
element. If it is reached by two growing 
grains simultaneously, it is a ®8 interfacial 
(grain boundary} area element. Similarly, 
three and four or more grains reaching an ele- 
ment simultaneously form respectively the 
edges and the corners of 6 grains. If an ele- 
ment has not been included in a 8 grain, it 
belongs to the parent a phase. Once a tested 
element is assigned to a grain, it always 


The authors are with the College of Ceram- 
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remains in that grain; that is, grain growth 
following impingement has not been incorpo- 
rated into the model. 

As shown in Fig. 1, a point X that falls 
on the boundary of a grain is first located 
at a distance R(6,¢). Similarly, points Z, Y, 
and W on the boundary at R(6 + 6€,9), 

R(6,¢ + 66), RCO + 68,6 + Sd) are found. The 
volume contained within the grain is calcu- 
lated from the formula for the volume ele- 
ment dV in spherical coordinates, 

dv = r*sin6 dd dé dr, which leads to 


3 ‘ 
AV = R a 8 AG Ag 


The volume element AV is summed over all 6 
and ¢ to yield the volume of the grain V: 


20 4 


>> do 2 (6,6) sin 6 A6 Ad 


_ G=0 8=0_ 


V= 3 


The element of surface area XYWZ on the 
boundary of the grain is calculated from 
Fig. 1 as: 


AA = YX X XZ 


= v[R(6,$)sin 6 S6]*+[R(9,6+56)-R(6, 9) |? 
x y[R(8+56,6)-R(0, 6) }7+[R(0, 4) 60]? 


The total grain boundary area A associated 
with a grain is similarly obtained by summa- 
tion over all 6's and 6's: 


2x 4 
A= >> oa 


¢=0 6=0 


The average radius R.. of each grain is 
calculated by averaging of the radius vector 
to the boundary Ry over all ¢ and 6. 


2a ot 
IS S57 Rp (6,4) 
R = g=—0 #=0 
av  (2n/AG(n/A8) 


The above procedure is repeated for all 
grains in the volume at progressive times of 
evolution of microstructure, which yields the 
distributions of geometric properties and 
their variation with time. When growth pro- 
ceeds to 100% transformation into B, the whole 
region of space is occupied (space-filled 
case). For this situation the distributions 
of topological properties such as faces, edge 
lengths, and average number of sides/face are 
computed and compared to their average values 
calculated by Meijering.? These distributions 
may be determined from Euler's law, according 
to which each grain is a polyhedron in three 
dimensions with f faces, e edges, and ¢ corn- 
ers that satisfy the relation f + ¢ - e = 2, 
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In three dimensions, each corner is an inter- 
section of a minimum of four edges. Even in 
reality the occurrence of more than four edges 
at a corner, as suggested by Smith,® is very 
rare. It is therefore assumed that every cor- 
ner in the computed microstructure is an in- 
tersection of only four edges. Of these four, 
only three belong to a polyhedron and each 
edge terminates in two corners. Therefore for 
each polyhedron, 3c = 2e and f - (2/2) = 2. 

By knowing the number of corners belonging to 
each polyhedron, one can calculate the number 
of faces on each grain from the above formula. 
Each corner of a grain is equidistant from at 
least four closest grain centers. The corner 
is therefore the center of an irregular tetra- 
hedron formed by the closest four grain cen- 
ters, which was easily calculated from coordi- 
nate geometry and vector algebra. (A more de- 
tailed discussion of the derivation of the 
model as well as the computer code in FORTRAN 
77 is available on request.) 


Results 


Microstructural evolution was studied for 
the cell model with random simultaneous nu- 
cleation of 2000, 1000, and 400 8 sites ina 
cube of a phase with edge length equal to 256 
units. The microstructure was analyzed in 
three dimensions from the instant of nuclea- 
tion of the 8 phase to 100% transformation of 
a phase to 8 phase. Growth velocity of the 8 
phase was isotropic. The volumes, areas, and 
average radius were calculated by the program 
at progressive stages of microstructural evo- 
lution. To eliminate effects at the boundary 
of the cube, all nuclei that grew and eventu- 
ally intersected the faces of the cube were 
ignored. Two-dimensional sections were taken 
from the three-dimensional computer-generated 
microstructure by selection of a random plane 
and plotted (Fig. 2). 

The computer-calculated surface areas and 
edge lengths for the 100% transformation 
(space-filling) case are compared with the av- 
erage values predicted by Meijering’ in Tables 
1 and 2. A good agreement of the computer- 
calculated average values with those predict- 
ed by Meijering's cell model is apparent, so 
that the correctness of the computer calcula- 
tions is verified. 

Figure 3 shows an Avrami plot? of the vol- 
ume fraction transformed with time for 400, 
1000, and 2000 sites. The transformed frac- 
tion V, follows the Avrami equation; 


V, = 1 = exp(-kt)” 


A straight-line behavior with a constant 
Avrami exponent ” of 3.0 is shown for all 
three predicted structures. 

The geometric properties of the microstruc- 
ture are analyzed in terms of the growth 
path,?° for grains falling in five different 
size classes ranging from 10 to 90 cumulative 
per cent finer than (CPFT) size. This classi- 
fication was found to be necessary because one 
cannot plot the growth path for every grain, 
even though the computer program keeps track 
of them. The same size class can be used for 
all times because a grain bigger than another 
at any time always remains so as growth takes 
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place. For these five classes of grain, grain 
volume and various surface areas are plotted 

as functions of time of evolution of the mi- 
crostructure, in Fig. 4. These five classes 
represent the growth path behavior of the av- 
erage grain in each size class. Figure 4(a) 
shows that at small times the volume of all 
grains increase rapidly because of relatively 
few impingements. As time goes by, the small- 
er grains (CPFT 10-50) increase less in volume 
(lower slope) than the larger grains (CPFT 70- 
90). This result is expected, since all 
grains have the same size soon after nuclea- 
tion and as growth proceeds, the grains that 
grow less are the ones that have more impinge- 
ments. Therefore growth retardation is great- 
er for smaller grains than for larger grains. 
Figure 4(b) shows a similar growth path for 88 
and the total surface area, but the «8 growth 
path is somewhat different. At small times, 
when only a few grains are impinging, the a8 
interface area increases, but with time the a8 
area is consumed because of more impingement 
between neighboring grains. As a result the 
af area reaches a maximum after a certain time 
and starts decreasing. Again, the bigger 
grains (CPFT 70-90) have a maximum area at 
longer times than the smaller grains. This 
effect is shown in Fig. 4(b), where the maxi- 
mum a8 area is reached at time ¢ <10 units for 
smaller grains (CPFT 10-50) and the maximum is 
not reached until ¢ = 10-12 units for larger 
grains (CPFT 70-90). 

Information about faces, edges, and corners 
of grains can be used to model grain growth 
after 100% transformation; therefore, the top- 
ological properties were analyzed for complete 
space filling (100% transformation) obtained 
after simultaneous nucleation of 2000 sites in 
a cube of 256 x 256 x 256 and growth to space 
filling. Again, to handle the boundary ef- 
fects, the grains that intersect the bounda- 
ries of the cube were ignored. Thus, all top- 
ological properties described below were cal- 
culated for 1275 inner grains out of a total 
of 2000. Table 3 compares the mean topologi- 
cal properties of a grain calculated by Mei- 
jering for the cell model with those caiculat- 
ed by computer simulation for the situation 
described above. The good agreement confirms 
the correctness of the model. 

The program calculates the distributions of 
these topological parameters, which cannot be 
done by use of the Meijering analysis. The 
results are described in Fig. 5, which shows 
the distribution of the number of faces on a 
grain for the calculated structure compared 
with the equivalent structure obtained ecxper- 
imentally by Williams and Smith for 91 
grains.*+ Experimentally more grains with 10 
faces were obtained, whereas the computer cal- 
culated more grains with 13-15 faces. The ex- 
perimentally obtained distribution is differ- 
ent owing to grain growth that results in the 
disappearance of smaller grains. As growth 
proceeds, the faces with fewer sides disap- 
pear. Therefore grain growth after 100% 
transformation results in an overall decrease 
in the number of faces. That is why the ex- 
perimentally observed distribution of number 
of faces shows more grains with smaller number 
of faces than those found by the computer 
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simulation, which does not consider the ef- 
fects of grain growth after 100% transforma- 
tion. The fact that grains with faces with 
fewer than four sides disappear during growth 
after 100% transformation is shown in Fig. 6. 
The experimental results show a very small 
fraction of three-sided faces while those cal- 
culated by the computer simulation show a sub- 
stantially higher fraction of faces with 
three sides. 


Diseusston 


The cell model can be used as a good ap~ 
proximation of the microstructure resulting 
from phase transformations such as nucleation 
and growth and recrystallization. Many glass- 
ceramics systems have been observed to follow 
the Avrami equation,’** which is a consequence 
of site saturation nucleation and growth. The 
results of the simulation give rise to an in- 
teresting impingement behavior. When all 
grains nucleate at the same time and grow iso- 
tropically, the smaller grains are shown to 
suffer more impingements. That means only 
that the impingement volume is greater for the 
smaller grains, not that the smaller grains 
have more neighbors. In fact it is seen from 
Fig. 7 that the smaller grains have a smaller 
number of faces and hence have fewer neighbors 
than the larger grains. This observation is 
well substantiated by experiments and 
theory.+°7!* A greater impingement area does 
not mean more neighbors. 

Only site saturation nucleation (Meijering 
or Voronoi model) has been analyzed. The com- 
puter model also incorporates constant-rate 
nucleation (Johnson-Mehli model). A detailed 
discussion of the results of analysis of that 
model is in preparation.*® Nucleation in 
which the rate changes with time can also be 
modeled but has not been analyzed. 


Conelustons 


Three-dimensional microstructure has been 
modeled for site saturation nucleation and 
growth to impingement. The geometric proper- 
ties and their distributions have been calcu- 
lated in three dimensions and their mean val- 
ues compared with those predicted. There is a 
good agreement between the computer-calculated 
mean values and those predicted by theory, so 
that the correctness of computer calculations 
in three dimension is confirmed. Comparison 
with experimentally observed microstructural 
parameters have been performed. Better agree- 
ment with experimentally determined results 
may be obtained if the effects of grain growth 
are incorporated into the model; that is to be 
the subject of future work. The present 
three-dimensional microstructure simulation 
will be extended to model sintering, grain 
growth after complete transformation, and cor- 
relation of microstructure with physical prop- 
erties. 
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TABLE 1.--Computer-calculated geometric prop- 
erties. 


number of | Total Volume | Total Surface | Total edge | number 
graina(N) | (V) Area (8) | length (L) ; density (N,) 
1275 10381468 1518412 149549 1.228 x10~¢ 
565 9141031 1056364 82713 6.1809 x 10-5 
184 7255005 620843 2.536 x10~® 


TABLE 2.--Comparison between computer-calcu- 
lated mean values and Meijering's calcula- 
tions. N is number of grains completely sur- 
rounded by other grains. 2000, 1000, and 400 
nuclei were found to yield the results shown. 
Total volume and surface area of 1275, 565, 
and 184 grains were used to obtain S;, so that 
boundary errors were avoided. CV is coeffi- 
cient of variation as predicted by Gilbert?® 
for cell model. 


N 
1275 | . 1.442 107? Computer 
1.4419 107? | . cell model 
565 9.05x 107% Al. Computer 
1151 8.12x 10-* cell model 
184 | .008557 | 6748 | — F Computer 
.008557 | 6742 | — Cell model 


TABLE 3.--Mean topological properties for 
single grain. 


Quantity Cell model’ | Computer calculated 
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FIG. 1.--Analysis method of computer- 
calculated microstructure in spherical 
coordinates. O is grain origin (random- 
ly selected nucleation site), cross- 
hatched area is grain-boundary element. 
After point X belonging to two grains 

is found, points W, Y, and Z are deter- 
mined. Distance of these points from nu- 
cleation site of grain is OX = R(6,9), 
OY = R(6,$+56), OZ = R(6+50,¢), 


OW = R(8+58, 9459). FIG. 2.--Two-dimensional sections taken from cell of size 
256 x 256 x 256, in which 2000 sites were burst nucleated 
and grown to space filling. Sequence of evolution at pro- 
gressive times of growth is shown. All boundaries are 
straight because site-saturated nucleation was used. 

2 2,4 28 2.8 8,0 


3,2 3,4 3,8 


————a 400 sites 
——® 1000 sites 
—@ 2000 sites 
1.5 


FIG. 3.--Avrami plot of volume fraction of a 
phase transformed to 8 phase at progressive 
times of growth for various numbers of nucle- 
ation sites. Only grains that do not inter- 
sect cube faces are included in total vol- 
ume. Total volume used for volume fraction 1.8 
calculation is total volume of grains after 
complete impingement. Cell size is 256 x 256 
x 256 units in which 400, 1000, and 2000 sites -3.0 ord idee Red 
are burst nucleated and grown to space filling. a.4 26 iad a.6 _ 34 8.8 
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FIG. 4.--Growth path of (a) volume, (b) aB(AB}, 68(BB), and the total surface area for grains 
of five size classes (CPFT 10-90). 
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FIG. 5.--Comparison between experimentally obtained distribution of number of faces”~ and com- 


puter-calculated distribution. 
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FIG. 6.--Distribution of number of edges per face obtained by experiments® and by computer 
simulation. 
(x 40°) 
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PIG. 7.--Variation of number of faces with volume of grains. 
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8. Geological Applications 
THE USE OF THE ELECTRON MICROPROBE IN THE SMITHSONIAN INSTITUTION MUSEUMS 


Eugene Jarosewich 


The availability of modern instruments in the 
contemporary museum environment is important 
to research, to the identification of speci- 
mens, and to the restoration and conservation 
of various objects. The wealth of material in 
museum collections used as reference speci- 
mens, educational material, or exhibit objects 
frequently requires detailed study. These 
studies may include historical, scientific, 
and curatorial endeavors. 

Most major museums have their own labora- 
tories for these purposes; some are equipped 
with modest instrumentation such as conserva- 
tion and preparation equipment, others with 
more advanced instruments such as x-ray dif- 
fraction units, SEMs, electron microprobes, 
mass spectrometers, and others. Museums that 
are not as well equipped draw on the expertise 
of other museum laboratories or seek the as- 
sistance of academic or other research insti- 
tutions. 

The present contribution deals primarily 
with the use of the microprobe in the Smith- 
sonian Institution museum environment. Fol- 
lowing is a brief historical introduction to 
the Institution. 

The Smithsonian Institution consists of 
museums and research facilities in the USA and 
abroad. Ten museums are located in Washing- 
ton, D.C., and one, the Cooper Hewitt Museum, 
in New York City. Some of the other major 
Bureaus are the Smithsonian Astrophysical Ob- 
servatory, Cambridge, Mass.; Fort Pierce, a 
marine facility in Florida; and a Smithsonian 
Tropical Research Institute in Panama. 

The Smithsonian was established 1846 as a 
result of a bequest from James Smithson (1765- 
1829), an English natural philosopher, ''to 
found at Washington, under the name of the 
Smithsonian Institution, an establishment for 
the increase § diffusion of knowledge among 
men.''. At first the Congress was reluctant to 
accept the money from a foreigner and the 
funds were channeled to other projects. Eight 
years later Congress had a change of heart and 
restored the funds, establishing the Smithson- 
ian Institution in the original spirit of 
Smithson's will. 

At first, the Institution was viewed as a 
center for intellectual activities and as pro- 
viding assistance for original research. The 
present image of the Smithsonian, primarily as 
museums, is in large part due to the interests 
of Spencer F. Baird, who first served as the 
assistant to the first Secretary, Joseph Hen- 
ry, and then as second Secretary of the Insti- 
tution (1878-1887). As a naturalist, he had a 
strong interest in collections and research. 
Smithson, who was himself a chemist by train- 


ing, with an interest in minerals, had a re- 


The author is with the Department of Min- 
eral Sciences, Museum of Natural History, 
Smithsonian Institution, Washington, DC 20560. 


12 


markable collection of geologic materials 
which was left to the Institution. Unfortu- 
nately, most of his collection perished in a 
fire in 1865. These original collections 
could be considered as the nucleus of the col- 
lections in the Institution. 

The establishment of a chemical laboratory 
was mandated by Congress, as were other func- 
tions of the Institution. This mandate was a 
natural consequence of Smithson's interest and 
the needs of the Institution and of the U.S. 
Geological Survey, which at that time was 
closely associated with the Museum of Natural 
History. At the present time, in addition to 
specialized departmental laboratories, there 
is a Conservation and Analytical Laboratory 
for Smithsonian-wide needs, which is also re- 
sponsible for training students from other mu- 
seums in the art of conservation. 

The Department of Mineral Sciences, by na- 
ture of its activity, has a laboratory for 
classical chemical analyses, and is equipped 
with x-ray diffraction units, SEM, and an elec- 
tron microprobe. The microprobe is used by 
most of the staff and those who participate in 
collaborative projects with some of the staff. 

Since the microprobe is being used in num- 
erous museum applications, several examples 
are listed below. 


1. Petrologic, mineralogic, and meteoritic 
research. 

2. Identifications of geologic specimens 
(gems, minerals, meteorites). 

3. Study of archaeological objects 
(glasses, pottery, bones, metals, ancient 
bronzes). 

4. Identification of pigments from paint- 
ings. 

5. Numismatic identifications. 

6. Biological applications. 

7. Work with other Federal agencies. 


One of the most difficult problems in any 
of the work with museum specimens is the re- 
strictions on sampling. Frequently, curatori- 
al decisions must be based on the uniqueness 
or value of the specimen and on judgments in 
what manner the sampling would affect the in- 
tegrity of the sample. Ingenuity in sampling 
and in obtaining as much information as pos- 
sible from a limited sample requires close 
interaction between curatorial and scientific 
personnel. 
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MICROPROBE ANALYSIS OF TETRAHEDRITE IN THE COEUR d'ALENE MINING DISTRICT, IDAHO 


Charles R. Knowles 


An electron microprobe study was made on fifty- 
four ore samples from ten mines in the Coeur 
d'Alene mining district. This district covers 
region of approximately 325 km? (125 mi?) in 
the panhandle of northern Idaho in the Bitter- 
root mountains. Mining began in the district 
in 1884; however, silver mining started to 
boom in the 1920s and one billion ounces of 
Silver have been mined to date. The region 
produces approximately half the silver in the 
USA and is also a producer of lead, zinc, an- 
timony, and copper.* Only a few mines are 
still in production between Wallace and Kel- 
logg, Idaho. These active mines (Lucky Fri- 
day, Galena, Coeur, and Sunshine) produce most 
ly silver, with lead, zinc, cadmium, antimony, 
copper, and gold as byproducts and coproducts. 
These mines are among the deepest in the world, 
with shafts of over 2400 m (8000 ft). Because 
of high operating costs and poor market prices, 
two mines (Bunker Hill and Star-Morning) have 
closed permanently since the samples were col- 
lected and two (Sunshine and Lucky Friday) are 
on standy-by status until silver prices sta- 
bilize. 

Ore samples were collected from nine of 
these mines (Sunshine, Bunker Hill, Star-Morn- 
ing, Lucky Friday, Galena, Page, Crescent, 
Snowstorm, Royal Apex, and Atlas) and from 
core samples in the Capital Silver property. 
Samples were collected from diverse regions 
within the mines, both vertically and lateraly. 
The sample numbers in Table 1 show the depth 
(e.g, SM7700-106 is from the 7700ft level of 
the Star-Morning Mine). The Page mine and At- 
las mine have been closed for years; a single 
sample of each was obtained from an ore sample 
collection belonging to Stan Huff at the Ga- 
lena mine. The Snowstorm mine sample was tak- 
en from the mine's ore dump. Core samples 
were collected from the Capital Silver proper- 
ty during exploration. A single sample was 
taken from the inactive tunnel workings of the 
Royal Apex mine. 

Geologists have believed that silver is 
present in solid solution with galena (PbS) in 
a relationship of 1% Pb correlated to 1 oz/ton 
(34 ppm) of Ag. If 1 oz/ton as Ag is in solid 
solution, a silver value of 0.3% mixed with 
galena would be expected (e.g., 86.6% Pb in 
galena corresponds to 0.29% Ag). To test this 
hypothesis, samples of inclusion-free "pure" 
galena were examined with an ARL and a CAMECA 
electron microprobe to measure the quantity of 
Ag in the galena matrix. Both microprobes 
have a detection limit better than 0.1% Ag. 

The origin of the silver-rich ore has been 
open to conjecture. One popular idea is that 
the original sediments were deposited with 
silver minerals within them (stratabound).? 
The silver was subsequently remobilized into 
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silver veins. Several samples of stratabound 
type ore were collected throughout the dis- 
trict to test this hypothesis. 


Experimental Procedure 


The ore samples were cut into lin blocks, 
mounted in room-temperature-polymerizing epoxy 
resin, polished to less than 1 um relief with 
diamond paste, and coated with approximately 
100 A of carbon. In one sample, four single 
crystals from the Sunshine Mine were extract- 
ed from a vug, placed on a glass slide with 
epoxy, and polished flat and smooth. 

An ARL-EMX-SM electron microprobe was used 
operating at 15 kV and 0.1 uA reference cur- 
rent (approximately 1nA sample current). Pure 
metals (>99.9% purity) and reference minerals 
were used as standards. Background, deadtime, 
and ZAF corrections were made. 

To analyze the silver content it was neces- 
sary to find a silver-rich area on the pol- 
ished section. We accomplished that by tuning 
a crystal (wavelength-dispersive) spectrometer 
to the silver x-ray line, traversing around 
the sample until the ratemeter indicated high 
intensity, and then analyzing that area. 

To determine whether Ag was present in the 
galena matrix, very careful off-peak back- 
ground measurements over a long period (100 s) 
were used to compare with the peak position, 
also measured for 100 s. This procedure was 
also followed with a CAMECA microprobe at the 
Washington State University geology department 
in addition to the ARL instrument. The sensi- 
tivity on both instruments at long counting 
times is better than 0.1% for silver. 


Results 


Table 1 gives the analysis of the silver 
minerals found in the ore samples and core 
samples from the ten mining regions. These 
data show that four silver minerals were pres- 
ent. Themost abundant mineral is argentifer- 
ous tetrahedrite. Miargyrite and polybasite 
were present in samples from the Galena Mine. 
Pyrargyrite was seen in only one sample from 
the Lucky Friday Mine. No silver minerais 
were found in some of the samples analyzed. 
The core samples from the Capitol Silver proj- 
ect and the samples of stratabound ore showed 
no silver. 

The Capitol Silver core samples were from 
stratabound type rock and several samples from 
the Star-Morning, Lucky Friday, and Galena 
mines were identified as stratabound. These 
samples were carefully analyzed for any silver 
minerals. Only the Snowstorm Mine sample had 
any detectable silver minearls. 

This sample from the Snowstorm Mine had 
Sparse grains of miargyrite and abundant gale- 
na. It is the only stratabound sample listed 
in Table 1. The other stratabound samples 
were galena rich with no Ag in the galena ma- 
trix. One sample from the Star-Morning Mine 
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was stratabound with sphalerite and galena. 
No Ag was present in this sample. 

The Galena Mine samples showed two coexist- 
ing silver-rich minerals in some of the sam- 
ples. One of the samples contained tetrahe- 
drite and miargyrite (G4300-164EB). Three 
other samples had two tetrahedrite minerals 
with different chemistry coexisting in the 
same sample. These samples showed a large 
percentage of Ag vs a small amount of Cu in 
one case and the opposite in the other. One 
sample (G 2800-16} has 34.1% Ag. This is the 
largest percentage of Ag in tetrahedrite in 
these ore samples. 


Conelustons 


No Ag from any of the fifty-four samples 
could be detected in solid solution with gale- 
na. However, silver was present in most of 
the ore samples as discrete mineral grains. 
The most common mineral is argentiferous tet- 
rahedrite, (Cu,Ag);25b,513, with some smali 
inclusions of polybasite, Ag,,Sb,5,,, pyrargy- 
rite, Ag,Sb,S,, and miargyrite, AgSbS,. X-ray 
scan photographs show that in these silver- 
rich regions the tetrahedrite commonly forms a 
rim around sphalerite (ZnS) grains. The sil- 
ver minerals are generally very small and, in 
some samples, less than 1 um in size; thus, 
only the larger inclusions could be quantita- 
tively analyzed. 

If any silver is present in the galena ma- 
trix in solid solution, it is less than 0.1%. 
Although the data are sparse, the Star- 

Morning samples have the highest amount of 
silver in the tetrahedrite; the Sunshine Mine, 
Galena Mine, and the Lucky Friday Mine the 
least amount. More samples would be necessary 
to verify a regional trend. 

The stratabound ore samples contained very 
low silver-rich minerals. They were predomi- 
nantly galena with one sample of sphalerite. 
It is plausible that the galena-rich veins may 
have been derived from these stratabound sedi- 
ments and later infused with silver minerals 
that possibly were emplaced hydrothermally. 
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TABLE 1.--Microprobe analysis of silver minerals. 


Sample cu Ag Fe Zn Sb As s 
Snowstorm Mine 35.2 34.7 30.1* 
LF 345£-88 34.9 4.0 2.1 7.5 26.6 1.6 23.3 
LF 4250-AL 32.8 B.8 1.6 3.9 2hai3: 1.2 22.8 
LF 4250-94WB 37.6 4.2 2.3 3.4 29.2 0.7 23.7 
LF 4250-94W 35.4 7.0 3.1 3.1 28.1 1.0 22.3 
LF 4660-94WO 34.4 4.8 2.5 5.6 28.2 1.0 2 di9i5 
LF 4660-945 34.4 7.9 1.8 5.5 22.2 5.0 23.8 
LF 4660-96 ist 16.3 29.4 5.0 1.1 25.5 0.2 21.5 
2nd 62.4 17.9 19.7** 
LF 4660-98 13.8 29.6 4.2 5.0 31.0 0.3 15.8 
G 110 35.3 31.6 33.1* 
G 750 36.2 35.8 28.0* 
G 215 35.8 33.9 30.3* 
G 2800-8 71.4 13.1 15.5*4* 
G 2800-S 35.2 32.1 32.7% 
G 2800-16 1st 25.2 19.5 2.0 3.4 25.4 1.8 22.7 
2nd 18.6 34.1 4.5 1.9 18.4 0 22.3 
G 3400-7 Ist 28.3 14.6 5.2 152 26.4 1.5 23.3 
2nd 34.0 6.3 6.2 2.3 27.5: 1.9 24.0 
G 4000-94 27-1 14.2 1.6 5.7 25.9 0.7 23.4 
G 4000-104 35.7 3.1 3.3 4.1 26.8 12 24.7 
G 4300-164EBlist 33.9 6.2 1.9 Ores 27.0 1.0 24.7 
G 4300-164EB2na 34.7 31.2 34.1* 
G 4600-164 Ist 35.1 4.7 4.4 2.8 27.0 162 24.8 
2nd) 24.9 18.6 1.1 6.2 24.9 1a2 2333 
G 4900-MB 35.1 4.5 4.6 2.6 26.1 1.5 24.8 
G 4900-77 34.9 6.8 5.90 1.2 253-7 2.4 22.9 
SM 5900-121 24.7 17.1 53 3.4 25.7 0.1 22.5 
SM 6500-122 25.1 14.2 5.3 2.6 25.8 0.3 22.3 
SM 6500-125 22.7 20.0 3.2 4.0 24.1 0.5 22.6 
Royal Apex Mine 36.3 5.5 QO. 4. 25.9 2.7 23. 
Crescent Mine 32.9 8.3 4.7 2.0 24.8 2.1 24.7 
S 4100-625 28.5 13:53 4.1 2.8 26.3 0.7 23.6 
S 4300-625 29.9 11.1 4.5 2.4 26.2 1.0 23.9 
S 4500-625 31.6 8.9 4.7 2u1 26.7 1.0 24.2 
S 5200-13 33.7 dS: 4.8 2.3 25.5 1.9 24.8 


*--Miargyrite, AgSbSj; **--pyrargyrite, Ag6Sb256; 
**k~-Polybasite, AggSbS¢ 


LF--Lucky Friday Mine; G--Galena Mine; SM--Star-Morning Mine; 


TABLE 2.--Microprobe analysis of tetrahedrite 
crystals from the Sunshine Mine. 


Crystal cu A Fe an Sb As Ss 
#1 = 32.7% 8.9% 4.5% 2.3% 26.7% 2.2% 23.73 
#2 34.6 6.5 4.7 2.4 26.8 2.4 23.9 
#3 31.7 9.5 5.1 1.6 26.9 1.6 23.8 
#4 34.0 8.2 4.7 2.5 26.8 Li? 23.7 

Average 33.2 8.3 4.7 2.2 26.8 2.0 23.8 


Formula Analyzed (Cug_4,Fe1.5,2n0.6,Ag1.4) (Sb3.9,AS0.5)S13 
Idealized Formula3 Cu, 9+xSb4+yS13 where 0<x<1.92 and -.02<y<0.27 
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MICROPROBE ANALYSIS OF "RESET" ZIRCONS FROM THE BREVARD ZONE, NEAR ROSMAN, N.C. 


D. M. Wayne, T. N. Solberg, and A. K. Sinha 


Total loss of radiogenic Pb from zircons dur- 
ing low~ to medium-grade regional metamorphism 
is rarely observed. However, U-Pb ages may be 
completely reset during prograde mylonitiza- 
tion where zircon cyrstals undergo fracturing 
and grain size reduction in a fluid-rich en- 
vironment. To investigate the chemical trends 
accompanying Pb loss/U gain within a mylonite 
zone, we have analyzed a suite of zircons from 
relatively undeformed Henderson gneiss (Hgn) 
and "reset" zircons from a mylonite zone with- 
in the Henderson gneiss (samples B8A, B8B, and 
B8C of Ref. 1). Microprobe data indicate that 
trace-element-rich overgrowths developed dur- 
ing mylonitization. 

Zircons were analyzed with an automated 
ARL-SEMQ 9~channel microprobe at the Depart- 
ment of Geological Sciences, V.P.1. § S.U. In- 
strumental conditions, counting times, and 
peak and background standards are listed in 
Table 1 and further described in Ref. 2. 

Whole grain (rim-core-rim) traverses consist 

of 5 to 17 analysis points (depending on zir- 
con size), directed parallel or perpendicular 
to [001] or [100] (depending on orientation). 

Restandardization was necessary only once 
over the two-week analysis period. We moni- 
tored instrumental drift by traversing the 
synthetic ZrSi0, standard periodically. Table 
2 lists the results from a pair of standard 
traverses over a three-day interval. Of the 
nineteen elements included in our analytical 
scheme, only Zr, Si, Hf, P, U, Yb, Ca, and Fe 
were above detection limits in most of the 
samples. We have since added Th, Dy, and Ti 
to our analytical scheme. 

Electron microprobe traverses revealed the 
presence of metamorphic overgrowths on zircons 
from the mylonitized Henderson gneiss. Trace 
element abundances in zircon overgrowths from 
the entire range of mylonitic fabric types 
(i.e., protomylonite, blastomylonite, ultra- 
mylonite) are strikingly similar (Table 3). 
Zircon cores, by contrast, show wide varia- 
tions in trace element abundances. X-ray maps 
of Ca and U on selected zircons (Fig. 1) il- 
lustrate the redistribution of trace elements 
within the zircons with increasing strain. 

The thickness of the zircon overgrowths is 
correlated with increasing deformation and in- 
creasing fluid activity of the host rock. A 
significant portion of the zircons from the 
ultramylonite are totally recrystallized and 
show no relict zoning. Microprobe data from 
isotopically reset zircons from the most in- 
tensely mylonitized zone, within the Henderson 
gneiss suggest that fracturing and grain-size 
reduction accelerated the rate of Pb loss in 

a fluid-rich environment. The formation of 
overgrowths on these zircons indicates that 


typically "immobile" elements (e.g., Zr, Hf, 
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Y, P, and U) may undergo solution transport as 


complexed, aqueous species during mylonitization 


at amphibolite faces. 
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TABLE 1,.--Analytical conditions, counting 
times, and peak and background standards for 
the analysis of zircons. Beam width ~1 um at 
15 kV, sample current 50 nA (on ZrSi0,). 


Count 

Element time(s) Peak std. Bk. std. 

zr 200 ZrSi0, syn. YAG 

Si 1000 ZrSiOy syn, YAG 

Hf 200 HfSi0, syn. ZrSiO, syn, 
Y 200 YAG ZrSiO, syn. 
P 200 Apatite ZrSiOx syn. 
U 400 UO, syn. ZrSi0, syn. 
Ca 1000 Hornblende ZrSi0, syn. 
Fe 1000 Hornblende ZrSiOy syn. 


TABLE 2.--Analyses of synthetic zircon stan- 
dard, over a 3-day interval. 


Average of 5 


Zr02 | 67.931 (0.517)| 67.562 (0.549) | 0.123 
SiO2 | 32.736 (0.087)! 31.935 (0.199) | 0.267 
HfO2 | 0.036 (0.016)| -0.002 (0.015) | 0.013 


Y203 | 0.003 (0.006)| -0.005 (0.005) 0.003 
P3205 | -0.004 (01010)| -0.017 (0.013) 0.004 
U0» 0.010 (0.003)} 0.002 (0.008) 0.003 
CaO 0.006 (0.002); 0.002 (0.006) 0.002 
FeO 0.013 (0.002); 0.003 (0.005) 0.004 


Tot al/100. 734 Loveney 


TABLE 3.--Trace element abundances (in wt.% 
oxide} from zircon cores and overgrowths 
formed during prograde mylonitization. 


Overgrowth bore 
Hf£O2 1.39 - 1.69 1.03 - 1.76 
Y203 0.19 - 0.45 0.05 - 1.14 
PoOs 0.11 - 0.20 0.00 - 0.37 
U02 0.08 - 0.22 0.00 - 0.34 
Zr/HE 34.98 - 40.72 32.22 - 57.59 


FIG. 1.--X-ray maps depicting trace element distributions in zircons from (a) Henderson gneiss, 
(b) protomylonite, {c) blastomylonite. Bar = 30 um. 
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COLOR AND CHEMISTRY OF GEM GARNETS 


Carol Stockton 


One of the notable features of garnets that 
makes them especially appealing as gemstones 
is the broad range of colors in which they oc- 
cur--every spectral hue except blue. This 
feature is largely due to the variety of tran- 
sition metal elements that can be incorporated 
into the garnet structure. Although about 
fifteen or so garnet species occur naturally,* 
most gem garnets have compositions that can be 
at least 99% accounted for by the five end 
members pyrope, almandine, spessartine, gros- 
sular, and andradite; it is the origin of col- 
or in these garnets that is discussed in this 
article. 


Rapertmental 


As part of a general study of transparent 
gem garnets,* we analyzed about 500 garnets 
(mostly faceted gemstones) by microprobe on a 
MAC automated microprobe (courtesy of the Cal- 
ifornia Institute of Technology), with correc- 
tions according to the Ultimate program.* Ox- 
ides determined were $105, TiO2, Al203, V203, 
Cr,0,, CaO, MgO, MnO, and FeO. Some atoms, 
especially Fe and Ti, can go into more than 
one site in the garnet structure. Since va- 
lence states and site occupancies could not be 
determined directly, we determined a redistri- 
bution of oxides according to stoichiometry, 
similar to that done by Rickwood,* from which 
we were able to determine end-member composi- 
tions for our sample garnets. These calcula- 
tions, though not ideal, provided us with very 
good indications of likely chromogens when 
correlated with variability in color and other 
physical properties. CIE color coordinates 
were determined for the study garnets; Fig. 1 
shows a representative sample of the garnets 
on a chromaticity diagram. The variability in 
color is readily apparent. 


Results and Discusston 


Andradite garnet, the simplest case, exhib- 
its very little chemical variability; all 
specimens consist of more than 97 wt% andra- 
dite,° and it is known that andradite is in- 
trinsically yellow-green from Fe3* in the oc- 
tahedral site. The only other potential chro- 
mogens were Cr’*+ (<0.6 wt% Cr203), Ti 
(<O.1 wt% Ti,0,), and Mn2* (<0.1 wt% MnO). 

The color range of the samples included 
slightly orangy yellow to very slightly yel- - 
lowish green. The more intense greens highly 
desired by gemstone collectors clearly corre- 
late with increasing amounts of chromium, as 
has long been established.® The orangy yellow 
color was not clearly related to any chromo- 
gen, and our limited sample (one specimen) is 
too small to invite speculation. Both Ti and 
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Mn have been related to yellow and brown color 
in andradites.’ 

Grossular garnets show considerable color 
variability, from colorless to yellow, orange, 
and green.® Figure 2 is a partial ternary 
diagram that shows that, in spite of this 
broad color range, grossular garnets have 
somewhat limited compositional variability. 
Virtually pure grossulars do occur, from which 
a trend extends along the join with andradite. 
However, a large group of grossulars contain 
no andradite, but instead have variable a- 
mounts of other end-member components. Poten- 
tial chromogens among them include Fe?*, Mn2*, 
Cr3+, v3+, and Ti. Mn and Ti exhibit no cor- 
relation with color, although Mn?* has been 
observed as a chromogen in nongem grossulars. 
Figure 3 shows the distribution of a represen- 
tative sample of grossular garnets on a CIE 
chromaticity diagram. Two color trends can be 
distinguished: colorless through yellow to 
orange, and colorless to green. If regarded 
for analytical purposes as linear, these two 
trends can be used to compare the amounts of 
green and orange to potential chromogens. The 
results are interesting (Fig. 4). There is a 
clear correlation between Fe*+ and yellow-to- 
orange color. The Fe?* pattern confirms our 
limited ability to determine valence states 
and site coordination by stoichiometry. As to 
green, both V,0, and Cr,0, correlate with col- 
or, though the latter in lesser amounts. 

There are also green grossulars that are col- 
ored solely by Cr3*, but they are seldom large 
enough to be cut as gemstones.® 

Figure 5 shows the distribution of a repre- 
sentative sample of garnets composed primarily 
of pyrope, almandine, and spessartine compo- 
nents on a ternary diagram bounded by those 
same end members. These garnets are generally 
quite low in grossular content, although a few 
have been observed to contain as much as 25 
wt%; none contains more than 4 wt% andradite. 
Obviously, many more of these specimens are of 
mixed composition than of a composition ap- 
proaching any one end member. Specimens along 
the pyrope-almandine join vary from medium to 
very dark orangy red to red-purple; those in 
the almandine-spessartine series range from 
light-medium to dark yellowish orange to 
orange-red; pyrope-spessartine garnets exhibit 
even more variability with light to dark green- 
ish yellow through purple. 

In addition to the chromogens intrinsic to 
spessartine and almandine (Mn?* and Fe?*, re- 
spectively), Cr3*, v>*, Fe3*, and Ti are pres- 
ent to various extents. Fe3* and Ti are pres- 
ent in such small amounts that the presence 
(or absence) of correlation must call into 
question the accuracy of the microprobe and 
correction procedures themselves; moreover, 
for Fe**+, we cannot rely on stoichiometric 
calculations that involve small quantities. 
That leaves us with Mn?*, Fe2*, Cr3*, and v3t 
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FIG. 1.--CIE chromaticity diagram with coordinate points for representative sample of 202 gar- 
nets. Range of hues extends from green to purple. 

FIG. 2.--105 grossular garnets in relation to major end-member components. Stones along gros- 
sular-andradite join are predominantly yellow or orange; remaining grossulars range from color- 
less to green (see Fig. 3). 

FIG. 3.--CIE chromaticity diagram with color coordinate points for 105 grossulars. Color trend 
lines are superimposed for use in calculating Fig. 4. 
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for purposes of explaining color variabili- 
ties. Quantities of all these chromogens be- 
low our detection limits can affect color, 

yet Fe3+ and Ti are not notorious for strongly 
affecting color except when involved in 
charge-transfer processes.'°"1! But Cr3+ and 
v3* can have considerable effects at low lev- 


With that in mind, what are the general 
trends? Among specimens along the pyrope- 
almandine join, those with little or no chro- 
mogens other than Fe?* exhibit a purplish red 
to brownish red when Fe?* content is high 
(i.c., toward pure almandine) and an orange 
color when Fe?* is low (i.e., high in pyrope). 
Increasing Mn?* in the high-Fe2* stones has 
little perceptible effect, but when Fe?* con- 
tent is low, a more purplish hue occurs, 
Whether this color is actually due to Mn, or 
is related to traces of Cr**, remains a ques- 
tion. As Cr3+ increases in a low-Fe?*+, low-Mn?+ 
stone, we see an increasingly dark blood-red 
color (a typical "chrome pyrope''); extremely 
high Cr3* content yields a green-red color 
change, but no gem-size specimens have been 
encountered. Cr3+, though detected only in 
amounts below 2 wt% Cr,0, in high Fe?* stones, 
appears to contribute a purplish component in 
higher-almandine garnets. 

Almandine-spessartine garnets are as uncom- 
plicated as they are abundant: high-Mn?t con- 
tent yields a more orange hue and Fe?* gener- 
ates a more reddish color. Since these chro- 
mogens are intrinsic, the color is invariably 
of medium to dark tone. No other chromogens 
were detected in significant amounts. 

Finally, the recently discovered pyrope- 
spessartine series yields averitable Pandora's 
box of color and chemical variability. In the 
near absence of other chromogens, it can be 
observed that intrinsic Mn?* adds orange col- 
or, as we might expect. When Mn?+* is low, 
Cr3* adds red color. For example, 2 wt% Cr,0, 
with 9 wt% MnO, 5 wt% FeO, and 19 wt% MgO pro- 
vides a pink color; such a stone would be 
classified as a pink pyrope. A stone with no 
Cr;0,, no MnO, 21 wt% MgO, and 9.5 wt% FeO is 
light orange. The pink color thus derives 
from the presence of Cr°+. With higher Mn2* 
content, Cr3+ and V5* (both are invariably 
present in these stones) add a red overtone to 
the intrinsic orange hue and, in slightly 
higher amounts, produce a color-change phenom- 
enon due to the balance of absorption created 
in the blue (Mn?+) and in the yellow (Cr3* 
plus V+). The exact hues produced depend on 
the complex ratio Mn?+:Cr3*:V5+:Fe?*; the last 
generally contributes a reddish hue. It is 
also likely that Fe3* may occur in these gar- 
nets and doubtless affects hue. Considerable 
amounts of Ca*+ related to a grossular compo- 
nent, as well as that associated with Cr3* and 
v5+ end members, also affect the garnet lat- 
tice and certainly create additional variabil- 
ity. 


Conetuston 


Our review of garnet colors and chemistry 
shows that the microprobe work done to date pro- 
vides us with a point of departure for further in- 
vestigations. Since the specimens used for this 


type of study are gem materials, nondestruc- 
tive analysis is imperative. A means to de- 
termine valence states and site occupancies is 
required. Spectral studies have provided some 
of this information?*~+”’ and will continue to 
do so. Turther, trace-level microprobe analy- 
sis could provide additional information that, 
coupled with visible and infrared spectropho- 
trometry, would answer many of the questions 
that remain about color origin in gem garnets. 
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FIG, 4.--Weight percentages of Fe,0,, FeO, V,0,, and Cr,0, plotted against increasing depth of 
yellow/orange and green color exhibit correlation of Fe,0, with former colors, and both V,0, 
and Cr,0, with latter. 

FIG. 5.--Compositional distribution of 139 garnets composed predominantly of pyrope, almandine, 
and/or spessartine end-member components, in weight percent. None of these stones contains 
more than 25 wt% grossular, and most have considerably less. 
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ELECTRON AND ION MICROPROBE INVESTIGATION OF PLAGIOCLASE PHENOCRYSTS IN THE FRENCHMAN 
SPRINGS AND ROZA MEMBERS OF THE COLUMBIA RIVER BASALTS 


J. R. Hinthorne and R. D. Bentley 


Plagioclase phenocrysts in thin section of 
lava flows from the Frenchman Springs and Roza 
Members of the Columbia River Basalts, Central 
Oregon and Washington, were analyzed in detail 
with the electron microprobe (35 samples) and 
ion microprobe (8 samples) to test the hypoth- 
sis that detailed chemical distributions in 
these crystals might yield information useful 
for correlating individual lava flows across 
the Columbia Plateau that have proved to be 
difficult to correlate by more conventional 
methods. Some useful correlations have proved 
to be possible; e.g., the recognition of two 
of the Roza flows some tens of miles farther 
south in Oregon than previously suspected. 

The most useful kind of data seems to be de- 
tailed electron probe line scans (400-700 
points per line with 2-5yum point spacing) for 
the Ca component (CaAl3;Si2,0, = anorthite) in 
the phenocrysts. It was also found that two 
successive flows in Oregon contain plagioclase 
phenocrysts with much higher Ca content than 
previously reported for the Columbia River Ba- 
salts: 85-90% anorthite (An) component (com- 
pared with 55-65% An for all other flows). 
Ion-microprobe data on seven trace elements 
seem to provide limited additional information, 
but support the conclusions drawn from the 
electron-probe data. The compositions of Ca- 
rich and Ca~poor pyroxenes found in a melt in- 
clusion in a plagioclase phenocryst indicate a 
minimum equilibration (eruption?) temperature 
of about 1130 C for one of the Frenchman 
Springs flows. 

In the Columbia Plateau geologic province 
of Oregon, Washington, and Idaho, extraordi- 
narily voluminous basaltic lava flows (some 
more than 100 cubic km) erupted from about 17 
million years before present (mybp) to about 
13.5 mybp, with smaller eruptions continuing 
until about 6 mypb. Crustal deformation dur- 
ing and after the eruptive period has resulted 
in large-amplitude folds and numerous faults 
with displacements of up to one mile. 

The Hanford nuclear facility, including 
present and possible future nuclear power 
plants and waste storage sites, is located near 
the center of the area covered by the Columbia 
River Basalt (CRB) flows. Since 1972 major 
efforts have been under way by many organiza- 
tions and investigators to characterize the rock 
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materials themselves and to decipher the his- 
tory of deformation in the Columbia Plateau in 


order to gain a better understanding of the 
general geology of the area and to improve the 
assessment of risk associated with the nuclear 
facilities. 

Accurate correlation of individual flows 
from point to point throughout the plateau is 
one of the factors crucial to the proper in- 
terpretation of the timing and intensity of 
structural deformation in the area. This mi- 
croprobe study was undertaken as a pilot pro- 
ject to determine whether detailed mineral 
chemistry, and chemical zonation patterns of 
phenocrysts in particular (as indicators of 
conditions and processes in the magma chambers 
prior to eruptions), could be of value in the 
identification of individual lava flows. Oth- 
er field and laboratory techniques have not 
been entirely successful in answering the cor- 
relation questions because the appearance, 
mineralogy, bulk chemistry, and magnetic 
character of many of the flows are extremely 
similar. 


Samples and Experimental Methods 


Samples of basalt were collected specifi- 
cally for this study from exposed sequences of 
basalt flows previously mapped in detail and 
assigned to the Frenchman Springs or Roza Mem- 
bers of the Wanapum Basalt Formation of the 
Columbia River Basalt Group. The localities 
collected are geographically distributed from 
Vantage, on the Columbia River in Central 
Washington, south to the Hanford area in Wash- 
ington, southwest to near Maupin on the De- 
schutes River in north-central Oregon and west 
to Portland. Because phenocrysts are quite 
rare in some of the flows (e.g., less than one 
per 10 m? of surface exposure), large samples 
were sometimes needed and numerous saw cuts 
required to find appropriate phenocrysts for 
analysis. When an appropriate crystal was lo- 
cated on a sawed face, a polished thin section 
of that portion of the rock was prepared by a 
commercial thin-section service. No attempt 
was made to achieve consistent crystallograph- 
ic orientation of the minerals analyzed. 

After carbon coating, the phenocrysts were 
documented by photomicrography on a polarized- 
light microscope. The photographic documenta- 
tion was critical to locating the most appro- 
priate areas for microanalysis because the 
chemical zonation patterns are qualitatively 
shown in transmitted-light photomicrographs. 

The electron microprobe used for this work 
is a JEOL 733 Superprobe with three scanning 
spectrometers, Tracor Northern automation sys- 
tem, and Sandia TASK software. The analytical 
standards used were Lake County labradorite 
for Si, Al, Ca, and Na, and other well-known 
mineral standards for the minor elements K, 
Fe, and Mg. An electron beam of 15 kV, 20 nA, 
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focused to about 1 um, was used for all analy- 
ses. Na and K were always measured first to 
minimize any possible effects of volatiliza- 
tion. Standards were checked and/or remeas- 
ured at the beginning and end of every working 
session or every 12-24 h during long periods 
of continuous operation (up to 100 h). Each 
point analysis was normalized to constant 
probe current by a Faraday cup measurement. 
The Sandia TASK software incremented the stage 
position during line traverses, controlled the 
data acquisition, computed concentrations 
(alpha factor method) and mineral formulas, 
and reported the data as individual analyses 
and in tabular summary form. Analyses of oth- 
er phases (ilmenite, magnetite, pyroxene, oli- 
vene, and glass) in the basalts for 6-10 ele- 
ments were conducted using the same beam con- 
ditions and appropriate groups of mineral 
standards. 

The ion microprobe, an ARL IMMA, was used 
to analyze some of the same crystals in the 
same polished and carbon-coated thin sections. 
The analytical conditions were: O- beam, 20 
kV, 4-6 nA, 20 um diameter. Secondary ions 
peaks were counted for 10 s. 

Table 1 gives the chemistry of typical 
grains of the three main silicate mineral 
phases in the basalts, plagioclase, pyroxene, 
and olivine (sometimes absent). Cr203 was 
sought, and found to be less than 0.02% in the 
pyroxene and olivine. 


Results 


Plagtoelase. Representative results from 
the microprobe line traverses are shown in 
Fig. 1. The three lower traces represent 
three major flow units of the Frenchman 
Springs (FS) Member; the upper trace (SQ-4) is 
from the Roza Member overlying the FS. Note 
the very similar patterns for the SQ-1, 5Q-2, 
and SQ-3 phenocrysts: uniform composition for 
most of the distance from the center toward 
the edge of the crystal, a somewhat erratic be- 
havior and slight increase of 2-3% An as the 
edge is approached, a decrease to approximate- 
ly 58% An, and a final narrow-edge zone with 
rapidly decreasing An contents. The collec- 
tive features of these three patterns are 
found in the analyzed phenocrysts in samples 
of the thick FS flows collected throughout the 
study area, We believe the pattern is a fair- 
ly reliable "fingerprint" for recognition of 
the main FS flows. The data from several 1lo- 
cations suggest that the phenocrysts in the 
oldest (lowest) FS flow (e.g., SQ-1) consis- 
tently have slightly lower An contents in the 
central portions of the crystals, 57-59% An, 
compared with the younger FS flows, 61-63% An 
(e.g., SQ-2 and SQ-3); confirmation of this 
small difference on more samples would estab- 
lish a microchemical fingerprint for this 
single flow. 

The plagioclase phenocryst zoning pattern 
for the Roza Member flow (SQ-4) in Fig. 1 dif- 
fers considerably from the FS patterns. The 
central region has a relatively high An con- 
tent (65-68%) and there is no extended central 
region of uniform composition. Instead, the 
composition changes gradually to lower An 
toward the edge with a couple of major pertur- 
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bations. This pattern was observed in samples 
from two other localities (including a drili- 
core sample from near Hanford) and seems to be 
a dependable characteristic or phenocrysts 
contained in the lowest flow of the Roza Mem- 
ber. Figure 2 shows the similarity of the 
drill-core sample (RZ-12-2) and sample SQ-4; 
both have been identified by other workers to 
be the lowest Roza flow. Though of lower 
spatial resolution, the pattern for sample 
MP-24 (from Maupin, Oregon) is indistinguish- 
able from the other two, and we therefore as- 
sign that sample to the lowest flow of the 
Roza Member. This is the first recognition of 
Roza flows so far south, near the southermost 
exposures of the CRBs. A different zoning 
pattern, with several distinctive characteris- 
tics, obtained from a younger Roza flow (un- 
labeled in Fig. 3) compares quite well with 
the flow (MP-25; Fig. 3) found just above 
MP-24 near Maupin, and helps confirm the pres- 
ence of the Roza Member at this location. We 
tentatively conclude that two of the Roza 
flows have been "fingerprinted" by microchemi- 
cal analysis. 


Pyroxene. Pyroxene phenocrysts were found 
to be almost entirely absent from the FS and 
Roza flows sampled. Compositions of a few mi- 
crophenocrysts and the abundant groundmass py- 
roxene probably depend to a large extent on 
factors such as flow thickness and local cool- 
ing rate, which makes the chemistry generally 
less useful for correlation purposes. How- 
ever, two FS flows (MP-16 and MP-17) from Mau- 
pin, Oregon, have relative large, thin, bladed 
plagioclase phenocrysts with very unusual com- 
positions in the core regions of 80-90% An, 
and narrow rims with 58-63% An (like normal FS 
phenocryst cores). Several pockets of trapped 
magma are found as rounded blebs in the cores 
of these phenocrysts; most have devitrified to 
"clay," but in one in MP-16 the isolated magma 
crystallized small grains of two pyroxene com- 
positions. The compositions are plotted in 
Fig. 3, along with typical groundmass pyrox- 
enes. The tight clustering of the two groups 
of pyroxene grains suggests that equilibrium 
was attained and that the pair of compositions 
could be useful as a geothermometer. Experi- 
mental petrology studies (summarized by Hueb- 
ner’) on pyroxene pairs similar in average 
composition to the pair measured here can be 
used to estimate the minimum temperature of 
equilibration for the pair. This temperature 
is about 1130 C and is interpreted to be the 
temperature at which slow cooling ceased, fol- 
lowed by eruption and rapid cooling. It is 
probably the temperature at which the plagioclase 
phenocryst rim (50% An) crystallized, rather 
than the core. 


Trace Hlements. A total of 14 ion micro- 
probe analyses were done on phenocrysts in 8 
selected samples. The elements Li, B, F, Rb, 
Sr, Y, and Ba were detectable in each analysis 
and data were recorded by measurement of the 
positive secondary-ion intensity for the main 
isotope of each. For intercomparison of samples, 
the data were ratioed to Si to remove most of 
the instrument drift and ion: yield problems. 
Generally, no clearcut trends are apparent in 
this data set that would significantly add to 


TABLE 1.--Representative analyses of Frenchman 


400 um a, Springs basalt silicate phases. All are from 
eek sample SQ-3b collected between Ellensburg and 
—80 Yakima, Washington. (Values in wt%; n.a. = 
$a-4 59 not analyzed, assumed to be very low abun- 
dance.) 
a Plagioclase Pyroxene Olivine 
—70 
—€0 Si09 54.77 50.22 36.13 
$Q-3 —50 A103 27.85 1.88 0.03 
Ti09 n.a. 1.09 0.03 
—70 Fed 0.57 14.16 28.76 
$Q-2 00 ‘ MnO n.a. 0.36 0.34 
e Mgo 0.14 14.25 33.54 
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—40 Na20 4,30 0.28 na. 
_ —60 Ka0 0.41 0.03 Neda. 
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Total 100.19 100.68 99 .06 
—40 
=) 
FIG. 1.--Plots of anorthite contents (An) vs 
distance along traverses from centers of pla- 
gioclase phenocrysts to edges (zoning patterns). 
Samples were collected from well-exposed sec- 
tion at Squaw Creek, between Ellensburg and 
Yakima, Washington. Scale bar for each repre- 
sents 100 um. 
% An i =. se 
sat — a —70 — can 
ae | 
= —s0 MP - 25 es 
= 100 um = 70 _ 4 meat 
= a 60 — etree SN aR = 
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FIG. 2,--Comparison of zoning patterns for plagioclase phenocrysts from known and proposed Roza 
Member flows. Samples are from Hanford (drill core; RZ and unlabeled), Maupin, Oregon (MP), and 


Squaw Creek (SQ). 


PYROXENE IN MP-16 


FIG. 3.--Pyroxene composition diagram showing 
typical zoning trends in groundmass pyroxenes 
(+ symbols}, and coexisting Ca-rich and Ca-poor 
pairs (groups joined by solid tie line) found 
enclosed in plagioclase phenocryst from Maupin, 
Oregon, Frenchman Springs Member section. En = 
MgSi03; Fs = FeSi0;; top corner of triangle 
(not shown) = CaSiO;. 
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or change the conclusions based on the major- 
element electron-probe data, perhaps because 
the precision of analysis (10-20%) exceeds the 
trace element variability between most of the 
samples and so suggests they all had a similar 
origin and history. 

Li, Sr, and Ba appear to have the most po- 
tential use. Table 2 shows the data for these 
elements. The Li, Ba, and Sr (minor) enrich- 
ment in the rims of MP-16 and MP-17 shows pos- 
sible contamination of the magma while resi- 
dent in the crust prior to eruption. Note the 
similarity of Sr and Ba in three samples pro- 
posed (on the basis of zonation patterns) to 
be from the same flow (RZ-12-2, SQ-4, and 
MP-24; see Fig. 2). 


Summary 


Of the 35 samples in which phenocryst zona- 
tion patterns were analyzed, collected from 10 


TABLE 2.--Ion microprobe data for Li, Sr, and Ba 


count rates x 10 000, ratioed to Sit.) 


MP-16 MP~17 
core rim core 
Lit 1.8 3.4 kez 
Srt 31. 36. 22. 
Bat 1.3 7.1 1.0 


rim 
1.6 


23. 
2.8 


localities throughout the Columbia River pla~ 
teau, about half have provided useful micro- 
chemical data to assist in making correlations 
of individual lava flows or of relatively 
small groups of lava flows. This technique 
probably can be expanded to many other flows 
in the CRB Group with good results. Careful 
sampling and accurate, high-precision micro- 
probe analyses of hundreds of points per crys- 
tal are needed because the chemical variation 
within and among the phenocrysts is generally 
small. 
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COMPUTER-AIDED IMAGING OF BASALTIC GLASS 


J. J. Friel 


The feasibility of isolating nuclear waste by 
burying it underground has spurred extensive 
study of the composition and properties of var- 
ious rock types and of their geochemical reac- 
tions.? In the case of basalt, a significant 
amount of intersertal silicate glass is present 
which is metastable with respect to crystalline 
phases of different composition. Inasmuch as 
geochemical stability is crucial for nuclear- 
waste isolation, the glass phase assumes an 
important role. Glass compositions are usually 
variable even in the same sample both within 
and between individual glass pools. Further- 
more, it is often not clear whether or not this 
variability merely represents continuous varia- 
tion of late liquid composition or the presence 
of more than one discrete phase formed either 
by liquid immiscibility or subsolidus exsolu- 
tion. Computer-aided imaging of the energy- 
dispersive x-ray signal can disclose the in- 
ternal texture of the volcanic glass and reveal 
local inhomogeneities, which in turn could af- 
fect the dissolution kinetics of the rapidly 
dissolving glass phase. 


Method 


The intersertal giass of two basalt samples 
was examined both optically and in the SEM. 
One sample was a Columbia Plateau basalt from 
the Cohassett flow (53 wt% Si0,);? the other 
was from the Krafla flow (49 wt% Si0,) in 
northeastern Iceland.*’* Contrast mechanisms 
such as secondary electrons, backscattered 
electrons, and transmitted and reflected light 
do not clearly show the texture within inter- 
sertal pools of glass because of the fine grain 
size, small differences in average atomic num- 
ber, and dark color of the Fe-rich glass. As a 
consequence of this difficulty, quantitative 
analysis of individual points produces haphaz- 
ard results, as the beam often falls on more 
than one phase. Sodium loss is also a problem 
at moderate beam dwell times. However, x-ray 
mapping with dwell times of a few tenths of a 
second per point and adequate x-ray spatial 
resolution begins to reveal the texture. The 
resolution is of course controlled by the x-ray 
range, which is in turn affected only by the 
overvoltage and the density of the sample. 
example, at 10 kV accelerating voltage, the 
x-ray resolution possible in the glass phase is 
about 1 pm.® At 500x magnification, a typical 
digital imaging resolution of 128 x 100 beam 
steps results in 1.6 wm/pixel, calculated from 
n = L/MR, where n = the number of pixels in 
one direction needed to match the x-ray resolu- 
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tion, L = length of the test line digitized 
on the CRT, M = magnification, and R = x-ray 
range, all in the same units of length. 

Since the number of digital steps available is 
usually selected from a fixed list of possi- 
bilities, pixel resolution is actually 

L/n'M, where n' is the number of digital beam 
steps; i.e., 128. In this case, 10cm/(128 x 
5900} = 1.6 um/pixel. 

Inasmuch as 1.6 ym is larger than the x- 
ray-excited area (1.0 um), resolution is inad- 
equate. However, a raster of 256 x 200 beam 
steps results in 0.8 um/pixel, which is small- 
er than the x-ray-excited area and is there- 
fore suitable for this magnification. At 
higher magnifications, fewer pixels would be 
required. Accordingly, a true, live-time- 
corrected, background-subtracted x-ray inten- 
sity map is capable of revealing submicrometer 
texture. The precision of the data is of 
course limited by the number of x-ray counts 
that can be collected in the dwell time. How- 
ever, the large number of points sampled and 
the lack of significant Na loss make it pos-- 
sible to see textures that would otherwise be 
concealed. 

For the samples of volcanic glass, an ISI 
SS-40 SEM was operated at 10 kV and a beam 
current of 2.0 nA. Takeoff angle was 44°, and 
the PGT EDS detector was used in either the 
windowless or ultrathin window mode to enhance 
the collection of Na x rays. Glass-rich re- 
gions of each sample were mapped for Na, K, 
Al, Si, Ca, Mg, Fe, and Ti, and sometimes 0, 
by use of a PGT microanalysis system. After 
the maps were collected and stored, the com- 
puter screened the intensity at each pixel 
for each element of interest in accordance 
with the instructions of the analyst. At all 
points where the specified ranges of intensity 
were met, the computer drew those parts of 
the SE or BSE image. Various subimages thus 
generated were compared logically to find 
areas that were different. Each point in two 
subimages created by screening the x-ray data 
must either have identical intensities (i.e., 
corresponding pixels both illuminated or both 
off) or they must be completely different 
(one on and one off). One of these conditions 
must be true at each pixel, because parts of 
the same SE or BSE image are being compared. 
The EXCLUSIVE OR. logical operation proved 
informative in this work because it showed 
only areas that were different. 


Results 


To screen x-ray maps of glass-rich regions 
of the samples, we had the computer display 
only regions high in Si, so as to show only 
glass. In like manner, high-Na or high-K con- 
ditions were imposed to discriminate different 
glass compositions. Specifically, areas con- 
taining Si at more than 65% of its intensity 
range .AND. Na or K at more than 40% of 


theirs were defined as either high-Na glass or 
high-K glass. Figure 1 shows maps of the raw 
data for Na, K, Si, and O along with the BSE 
image and the computed images of Na- and K- 
glass. The ranges used to define Na- and K- 
glass were determined interactively and led to 
the observation of two distinct glass composi- 
tions within the same intersertal pools in both 
the Icelandic and the Columbia Plateau ba- 
salts. On the basis of this discovery, quanti- 
tative EDS analyses were performed at various 
points on each type of glass; the average com- 
positions are reported in Table 1. [It was evi- 
dent that Na and Ca were positively correlated 
within the glass, as were K and Si. Na and K 
were negatively correlated. 

In the Icelandic sample, the .EXCLUSIVE OR. 
logical comparison showed that two glass compo- 
sitions formed a fine intergrowth in most in- 
tersertal pools and nearly all analyses clear- 
ly fell into either the high-Na or high-K cate- 
gory. In contrast, the Columbia Plateau sample 
was characterized by fewer regions of K-glass 
and they contained signficant NazO. Regions 
that were rich in K,0 were typically less than 
about 2 um and of uniform composition; K,0 was 
also present in the rest of the glass, but gen- 
erally at less than one half the Na,0 concen- 
tration. In both basalts, K-glass was often 
associated with Fe-Ti-Oxides. Computer-aided 
imaging greatly facilitated finding the regions 
of different composition, particularly the less 


abundant K-glass in the Columbia Plateau sample. 


Conelustons 


Computer-aided imaging led to the discovery 
of at least two distinct glass compositions in 
basaltic glass. The ability to screen x-ray 
images interactively based on the intensity of 
selected elements provides a powerful tool with 
which to discover and quantify chemical asso- 
ciations. Furthermore, the use of logical com- 
parisons between selected areas can lead to an 
even greater understanding of the microstruc- 
ture. Consequently, x-ray maps are at least as 
useful for gathering information as they are 
for displaying it. Further work will be neces- 
sary to ascertain whether more than one dis- 
tinct glass phase is present in other basalts, 
and how the glass phases behave under the con- 
ditions of nuclear-waste isolation. 


TABLE 1.~-Composition of bulk rock and glass 
phases. 
Cohassett (31% glass) 
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FIG. 1.--BSE image of Icelandic basalt with 

x-ray maps of Na, K, Si, and 0. Parts of the 

BSE image showing different glass composi- 
tions are labeled Na-glass and K-glass. 


Krafla (12% glass) 
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ANALYSIS OF MICROPOROSITY IN RESERVOIR ROCKS BY COMBINED SCANNING 
ELECTRON MICROSCOPY AND DIGITAL IMAGE ANALYSIS 


Cc. J. Stuart, C. L. Vavra, and T. H. Levesque 


Combined Scanning Electron Microscopy (SEM) 
and Digital Image Analysis (DIA) techniques 
can provide critical information on the a- 
mount, location, and size distribution of mi- 
cropores in petroleum reservoir rocks. Micro- 
pore size, abundance, and location control 
porosity (storage capacity), permeability 
(flow capacity), hydrocarbon saturation, and 
the amount and type of fluids produced in hy- 
drocarbon reservoirs. Previous techniques 
such as mercury injection or thin-section 
analysis were limited in that they could not 
determine micropore abundance, geometry, and 
size distribution on the same sample. In con- 
trast, combined SEM and DIA can rapidly pro- 
vide this information on an identical popula- 
tion of micropores in a standard polished thin 
section or rock slab. 

A rock chip was pressure impregnated with 
blue epoxy and a polished 30um thin section 
was prepared. The thin-section was coated 
with 300 & of carbon. Backscatter electron 
imaging (BSE) was used for pore imaging be- 
cause BSE provided optimum gray-level contrast 
between micropores and rock matrix (Fig. 1). 
Samples were examined at a variety of magnifi- 
cation. For this work, a magnification of 
2000x was chosen to optimize the sample analy- 
sis area and pixel resolution with respect to 
pore size distribution and sample complexity. 
This procedure provided high resolution and 
contrast between pore and rock matrix, and op- 
timum data acquisition time, and also resolve 
most micropores, so that an increase in magni- 
fication resulted in no increase in the micro- 
porosity values. 

BSE video images were acquired with a Tra- 
cor Northern TN5700 Image Analysis System on a 
ISI WB-6 SEM equipped with a Robinson Back- 
scatter Detector. All images were collected 
at 15 kV in a 512 x 512 pixel format. The 
best contrast image for later analysis was ob- 
tained by averaging 25 frames, with use of the 
Kalman frame-averaging technique. Acquisition 
time was under 30 s per image. These images 
were digitized to 256 gray levels and stored 
on disk. A binary image (Fig. 2) was created 
by an interactive segmentation technique used 
on a image histogram. The binary image was 
visually verified by overlaying it with the 
original digitized BSE video image. When pres- 
ent, artifacts of the segmentation process were 


removed by processing of the binary image with ¢ 


erosion and dilation. This processed image 
was compared to the original video image in 
order to insure correlation of the actual pore 
areas. Individual feature analysis was then 
carried out by a technique of rotating diame- 
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ter, whereby twenty diameters were rotated, 
with chord lengths measured every 18°. Area 
was determined by summation of the number of 
pixels comprising an individual pore. Initial 
data reduction and statistical analysis were 
made with the Tracor Northern Techcalc pro- 
gram. These data were then transferred to an 
IBM PC. Data processing and plotting (Fig. 3) 
were completed on the IBM PC with in-house 
statistical and graphics software. 

An image field representing approximately 
30 x 30 um of the sample surface could be ac- 
quired and analyzed in under 5 min. The field 
data were automatically stored to disk, which 
allowed later retrieval or linking with data 
from other image fields. Linked data from 
multiple-image fields in each sample were then 
analyzed statistically to characterize the en- 
tire sample. 

The SEM-DIA combination can rapidly provide 
critical data on the amount, location, and 
size of micropores in petroleum reservoir 
rocks. This is an important improvement over 
prior techniques because all measurements can 
be made on the same group of pores in the 
rock. 


a 


FIG. 1.--Backscatter electron image of pol- 
ished thin-section illustrating gray-level con- 
trast between micropores (black) and rock ma- 


trix (white). Black vertical lines are right 
and left boundaries of Fig. 2. 
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FIG. 2.--Processed binary image of a region of Fig. 1. Micropores are black, rock matrix is 
white. 
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FIG. 3.--Plot of cumulative percent of pore area versus mean pore diameter. Pore diameter (in 
micrometers) was measured by rotating diameters; pore area was determined by calibration of 
area of an individual pixel and then integratio:. of number of pixels in each pore. 
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USE OF MICROBEAM METHODS IN THE STUDY OF DISSEMINATED 
GOLD DEPOSITS: PROSPECTING, 1980s STYLE 


J. A. Minkin, E. C. T. Chao, J. M. Back, and J. R. Chen 


For more than 20 years, mineralogists, petrol- 
ogists and metallurgists have been trying to 
determine and understand the precise nature of 
the occurrence of the generally "invisible" 
gold in Carlin-type sediment-hosted, dissemi- 
nated precious-metal deposits. The name "Car- 
lin type" is derived from the Carlin gold de- 
posit in north central Nevada, in the Lynn 
mining district near the crest of the Tusca- 
rora Mountains.’ Production at the Carlin 
mine began in 1965; the estimated gold re- 
serves were approximately 11 million tons, av- 
eraging 0.32 oz of gold per ton.? Carlin-type 
deposits, currently the major U.S. commercial 
source of gold, are found mainly in Nevada, 
although examples are found elsewhere, e.g., 
in Merecur, Utah.* The geological characteris-~ 
tics of the Carlin gold deposit have been de- 
scribed by Hausen and Kerr? and Radtke.*+ A 
comprehensive review of the characteristics of 
Carlin-type deposits has been prepared by Bag- 
by and Berger.? 


Previous Studies 


Two main sequences of mineralization were 

postulated at Carlin by Hausen and Park." 

They suggested an early (Cretaceous-Jurassic) 
base-metal mineralization associated with 
quartz-barite-calcite veins and igneous intru- 
sions at a depth of about 6 km. The intrusive 
bodies included felsic dikes and stocks. La- 
ter (Tertiary) low-temperature introduction of 
Au, Hg, As, Sb, and Tl was related to shallow- 
level epithermal and thermal-spring activity. 
In addition, Bagby and Berger? suggested that 
oxidation of the ore, caused by weathering, 
probably occurred in the late Miocene to early 
Pliocene. Gold ore in Carlin-type deposits 
comes unoxidized and oxidized. Gold can be 
extracted from oxidized ore by simple cyanidi- 
zation; for unoxidized ore, grinding and more 
complex chemical procedures are required. * 

Observation of gold by direct methods in 

Carlin-type samples has proved to be most elu- 
sive. In field examination usually no dis- 
tinction can be made between barren rock and 
ore.* Particulate gold has rarely been ob- 
served in unoxidized samples, even at magnifi- 
cations up to 15 000x in the scanning electron 
microscope (SEM). Wells and Mullens” conclud- 
ed, on the basis of electron microprobe study 
(EPMA) of a limited number of samples from two 
locations, that gold in unoxidized ores is 
mostly associated with pyrite. Radtke! ex- 
panded the suite of samples analyzed to repre- 
sent a better sampling of the entire Carlin 
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ore body and found six modes of gold occur- 
rence in unoxidized Carlin ore: (1) as coat- 
ings or thin films on pyrite, (2) sporadically 
distributed on the surfaces of amorphous car- 
bon grains, (3) in association with organic 
acid(s) as a gold-organic compound, (4) as 
metallic gold, (5) dispersed in realgar in 
solid solution or as metallic gold particles, 
and (6) in solid solution in sparse grains of 
elemental arsenic. Hausen and co-workers® 
prepared flotation and gravity concentrates of 
carbonate-dominated, siliceous, and argilla- 
ceous types of unoxidized ore from the Carlin 
deposit. Optical and SEM investigation of the 
prepared separates showed gold particles main- 
ly associated with illitic agglomerations. 
Although most of these agglomerations were 
formed during the flotation process, the au- 
thors concluded that primary gold occurrence 
in illite was a strong possibility because 
separation products of high gold grades con- 
sistently coincided with high illite concen- 
trations. Hausen et al. therefore suggested 
further investigation of this association. 
They found very little evidence of gold asso- 
ciation with coarse pyrite (>30um grain 
size), especially euhedral pyrite. 

In oxidized ore samples, gold is more read- 
ily observed, at least at magnifications a- 
vailable with the SEM. According to Radtke,? 
gold is observed in oxidized ores as (1) fine 
metallic particles in seams and patches of 
silica, (2) particles on and near the borders 
of oxidized pyrite grains (that have been al- 
tered to iron oxides), (3) dispersed through 
iron oxide-rich patches in the matrix of the 
rock, (4) associated withclay minerals in the 
matrix, and (5) as randomly dispersed parti- 
cles <5 um in size. 

Wells and Mullens*® were satisfied that 
their EPMA data on gold in pyrite accounted 
for almost all the gold indicated in the bulk 
chemical analyses of their samples. However, 
for all other investigations we have found in 
the literature, the amount of gold detected by 
optical/SEM/EPMA methods in any given sample, 
oxidized or unoxidized, has fallen short of 
the amount indicated by bulk chemical assays. 
This shortfall may be attributed mainly to two 
factors: first, that one cannot examine in a 
reasonable time enough of the surface of a 
sample at the magnifications needed to resolve 
the predominantly extremely fine gold parti- 
cles; and second, the indication that most of 
the gold may exist in particle sizes finer 
(<O.1 um) than can generally be observed and 


identified by SEM augmented with energy-dis- 


persive x-ray analysis (EDX). Transmission 
electron microscope (TEM) study by Hochella et 
al.’ has shown that gold in the 0.01-0.04um 
particle size range is associated with clays 
in an oxidized Carlin-type ore sample (M. F. 
Hochella, oral communication). 


Strategy for the Present Study 
To extend the ability to determine the 
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precise modes of occurrence of gold in Carlin- 
type ore samples, we localize areas of signi- 
ficant gold concentration by combining micro- 
optical examination with synchrotron radiation 
fluorescence (SXRF) microprobe analysis, a 
quantitative, nondestructive technique with 
Minimum detection limits (MDLs) for gold at 
the ppm level.®°~+° The SXRF microprobe at the 
National Synchrotron Light Source (NSLS) at 
Brookhaven National Laboratory has a spatial 
resolution of about 20 um; analysis of a given 
area requires about 15 min. Use of the com- 
bined optical/SXRF procedure should substanti- 
ally reduce the time required to locate and 
identify goid and its associations at electron 
microscope magnifications. 


Procedure 


Doubly polished thin sections are prepared 
on high-purity fused silica wafers to avoid 
the possibility of trace-element contamination 
of SXRF analyses by the substrate. Such sec- 
tions permit petrographic examination by opti- 
cal microscopy before selection of areas for 
SXRF analysis. After SXRF analysis the sample 
is reexamined with the optical microscope for 
further characterization of the areas in which 
gold was detected by SXRF, and differentiation 
from those in which no gold was found. EPMA 
and/or SEM analyses are then conducted to 
"home in' on the modes of gold occurrence in- 
dicated by SXRF. Several iterations are re- 
quired to refine the observations and draw 
definite conclusions. 


Result of Preliminary Study 


This methodology has been applied to the 
study of doubly polished thin sections pre- 
pared from three samples identified as gold- 
bearing on the basis of bulk chemical analy- 
sis. The samples are: (1) a carbonaceous mi- 
crobreccia (33 ppm Au); (2) a laminated, car- 
bonaceous, partially silicified, de-calci- 
tized sample (48 ppm Au}; and (3) an oxidized, 
partially decarbonatized sample (74 ppm Au). 
Detailed results will be described else- 
where.*+ The following information is pre- 
sented here to show how areas were chosen for 
EPMA and SEM investigation. 


Sample 1. Highest amounts of gold detected 
by SXRF measurements were associated with cer- 
tain siliceous areas in the matrix. Gold was 
not detected, with an incident synchrotron 
radiation beam diameter of 30 um, in detrital 
quartz grains, euhedral pyrite (grain size >30 
um), or carbon-rich areas in this sample.°~+° 

Sample 2. Highest amounts of gold detected 
by SXRF appear to be associated with particular 
bands in this sample. Small amounts of quartz 
are present in these bands, as well as some 
scattered euhedral pyrite grains, mostly small- 
er than 10 um. 

Sample &. Gold was detected by SXRF princi- 
pally in boundary zones between areas where 
carbonates have been leached or removed, and 
where the carbonate grains still remained. 

Prior to SXRF study, EPMA (beam diameter 3 
um, MDL for gold = 0.08 wt%) analysis of py- 
rite grains ranging in size form >30 to <10 um 
failed to detect any gold. Following SXRF 
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analysis, EPMA was used to analyze the gold- 
bearing areas in Samples 1 and 2 indicated by 
SXRF; no gold was detected by EPMA. Sample 3 
has not yet been studied with the electron 
microprobe. 

SEM study of gold-rich areas in these three 
samples has produced the following results so 
far. 


Sample 1. Detailed scrutiny of the sili- 
ceous areas indicated as gold-rich by SXRF 
analysis revealed only four free gold parti- 
cles (Fig. 1) that were identified by EDX. 

All four were found next to silica grains but 
not on or in them. Particle size ranged from 
0.2 to 0.5 um. Other smaller particles of 
high contrast were observed in the SEM in the 
backscattered mode, but an EDX spectrum could 
not be obtained for them. Besides direct SEM 
examination, x-ray maps were generated with 
SEM-EDX for areas in the fine-grained sili- 
ceous matrix. The maps were obtained at 3000x 
for 256 256 picture points, i.e., a step size 
of 0.15 um between points. Counts were taken 
for 0.6 s at each picture point, so that with 
a dead time of about 20%, generation of such a 
Map required approximately 13 h. The minimum 
particle size of identifiable gold in these 
X-ray maps was found to be about 0.5 um. 


Sample 2. No gold was observed with the 
SEM in this sample. 
Sample 3. Like other investigators, we 


found gold much more in evidence in the oxi- 
dized sample. SEM examination of areas iden- 
tified by SXRF analyses as gold-rich, found 
particulate gold, mostly in the 0.2-lum size 
range, in much greater abundance than in Sam- 
plel. Gold particles were associated with the 
borders of iron oxide pseudomorphs after py- 
vite (Fig. 2), adjoining calcite grains, dis- 
persed within silica grains, and randomly dis- 
persed in the matrix of the rock. 


Diseusston and Conelustons 


The variations observed in the three sam- 
ples show that the modes of occurrence of gold 
in Carlin-type ores are multiple and complex; 
a full understanding of paragenesis, implica- 
tions for exploration, etc., will require 
careful study of many samples collected with 
appropriate geologic controls. Since so many 
samples must be studied, the use of rapid, 
sensitive analytical methods for locating the 
gold-bearing areas in each sample is impor- 
tant. That is why SXRF is valuable: it lim- 
its the time-consuming number and extent of 
the areas that must be examined with high-mag- 
nification techniques. 

However, SEM examination of SXRF-pinpointed 
gold-bearing areas is not without problems. 
The penetration of the incident synchrotron 
radiation beam causes characteristic x rays to 
be emitted from as far as 30 um below the sam- 
ple surface. Thus SEM-EDX, with a penetration 
of only 1-2 um at 25 kV, may be unable to de- 
tect much of the gold indicated by SXRF anal- 
yses. Furthermore, the geometry of the NSLS 
SXRF microprobe positions the target at an 
angle of 45° to the incident beam, so that a 
small difference in focusing can result in a 
shift of the beam by as much as tens of mi- 
crometers along the target surface, which 


means that the area examined in the SEM may 
not correspond to the gold-bearing area indi- 
cated by the SXRF analysis. 

The greatest remaining problem is that only 
a small percentage of the gold present has 
been detected in the SXRF analyses, and a much 
smaller amount has been observed with the SEM. 
SXRF analysis would be enhanced if lower MDLs 
were attainable and smaller beam diameters 
were feasible. The imminent installation at 
NSLS of new insertion devices for the x-ray 
storage ring is expected to advance the a- 
chievement of both these objectives. The very 
small percentage of gold identified with the 
SEM emphasizes the desirability of extending 
these studies through the use of the TEM to 
evaluate the presence and associations of gold 
particles smaller than 0.1 um. 
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FIG. 1.--Secondary electron micrograph of part 
of area of fine-grained fragments in Sample 1, 
showing free gold particle (arrow) in void 
adjoining silica grain. 
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FIG. 2.--Backscattered electron micrograph 
showing gold particle (arrow) associated with 
rim of oxidized euhedral pyrite grain that has 
been altered to iron oxide in Sample 3. 
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MICROANALYSIS OF CLAYS AT LOW TEMPERATURE - 


I. D. R. Mackinnon and S. A. Kaser 


Accurate thin-film energy dispersive spectro- 
scopic (EDS) analyses of clays with low-atom- 
ic-number (low Z) elements (e.g., Na, Al, Si), 
presents a challenge to the microscopist not 
only because of the spatial resolution re- 
quired, but also because of their susceptibil- 
ity to electron beam-induced radiation damage* 
and very low x-ray count rates. Most common 
clays, such as kaolinite, smectite, and il- 
lite, occur as submicrometer crystallites with 
varying degrees of structural order in at 
least two directions? and may have dimensions 
as small as one or two unit cells along the 
basal direction.? Thus, even clays with rela- 
tively large a-b dimensions (e.g., 100 x 100 
nm) may be <5 nm in the c-axis direction. 

For typical conditions in an analytical elec- 
tron microscope (AEM), this sample thickness 
gives rise to very poor count rates (<200 cps) 
and necessitates long counting times (>300 s) 
in order to obtain satisfactory statistical 
precision. Unfortunately, beam damage rates 
for the common clays are very rapid (<10 s in 
imaging mode)’ between 100 and 200 kV. With a 
focused probe for elemental analyses, the dam- 
age rate is exacerbated by a high current den- 
sity and may result in loss of low-Z elements 
during data collection and consequent loss of 
analytical accuracy. 

In a study of element loss in feldspars un- 
der typical analytical conditions, Mackinnon 
et al. showed that both Na and Al loss could 
be reduced by cooling of the sample to low 
temperatures during analysis.” At -150 C, av- 
eraged kajco; and kyag; values showed no sig- 
nificant variation with collection time for 
periods up to 300 s, whereas averaged k-fac- 
tors increased considerably with collection 
time for analyses at 20 C. In practice, 
this result suggests that it may be possible 
to obtain accurate chemical analyses of fine- 
grained, beam-sensitive samples by use of 
techniques at the scale of the individual min- 
eral grains. This possibility is important 
for many areas of clay mineralogy, not least 
those dealing with mineral diagenesis in both 
terrestrial and extraterrestrial environments 
(see, for example, Ref. 5). In order to test 
the utility of this approach for minerals more 
difficult than albite, thin-film analyses over 
a range of temperatures:to -150 C have been 
obtained from well-characterized clays. In 
addition, further data on albite k-factors at 
a higher beam current density than reported in 
Ref. 4 are provided. 


Fxpertmental 
Analyses were obtained via a JEOL 2000FX 
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AEM at an accelerating voltage of 200 kV with 
an attached Tracor-Northern TN-5500 EDS, with 
nominal resolution of 143 eV (column test, Mo 
Ka FWHM) and take-off angle of 72°. Particu- 
lar care is taken to insure that excessive 
backscattered radiation to the detector is re- 
duced during all microscope operations in or- 
der to maintain detector performance over long 
time periods. This care includes a protective 
shutter, which is used on all occasions other 
than data collection, a low-magnification in- 
terlock with motor-drive, and no use of objec- 
tive apertures when the detector is inserted 
for analysis. All samples were dispersed on 
holey carbon films on 150-mesh Be grids and 
housed in Gatan low-background, double-tilt 
holders during analysis. Beam currents at the 
sample were measured with a simple Faraday cup 
and picoammeter attached to the double-tilt 
holders and ranged from 0.25 to 1.05 nA, de- 
pending on selected lens configurations and 
electron sources. For all analyses, column 
vacuum was <1.5 x 10°° Pa. Further details on 
data collection conditions are given in Mackin- 
non et al.’ Clay samples are from the Source 
Clays repository of the Clay Minerals Society 
in Indiana and are described by Van Olphen and 
Fripiat.°® 


Observations 


In the previous study of Amelia albite,* a 
W hairpin filament was used for all spectra 
collection and provided a beam current of <0.2 
nA at the sample for a nominal beam diameter 
(FWTM) of 35 nm.” More recent data for Amelia 
albite at -150 C (at a higher current density, 
from an LaBg filament) are plotted in Fig. 1, 
along with k-factors obtained with a W hairpin 
filament. Again, a significant improvement in 
the behavior of both kygsj and kajsj with col- 
lection time can be observed for low-tempera- 
ture analyses. However, the influence of a 
higher beam current density on element loss at 
low temperature is apparent for collection 
times >200 s as both k-factors deviate signifi- 
cantly from the linear trend shown for W fila- 
ment data. 

Well-crystallized Georgia kaolinite (Sample 
No. KGa-1 of the Source Clays) has an Al/Si 
ratio of 1.04 (bulk analysis)® and a data point 
at the high end of a Caj/Csi vs Iai/Isi plot. 
Figure 2 shows the variation of ka1si for kao- 
linite with irradiation time at -150 C. At 
least 15 separate spectra were collected and 
averaged for each time point shown in Fig. 2. 
Standard deviations are Students' t-test- 
weighted values.® For collection times <100 S, 
k-factors show little or no significant devia- 
tion and suggest that element loss is minimized 
at -150 C. However, an increase in kajsj val- 
ues is evident for collection times >100 s and 
corresponds with a general loss of higher order 
reflections in microdiffraction patterns ob- 
tained from similar grains. This rise of the 
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k-factor curve indicates that element loss may 
become significant for kaolinite samples at 
collection times of 200 s or more. The slight 
minima in this k-factor curve (Fig. 2) at 100 
s is probably due to better counting statis- 
tics compared with that obtained for the 25 
and 50 s data. 

The Wyoming montmorillonite (Sample No. 
SWY-1 from the Source Clays) is a fine-grained 
(<SOnm) sample with minor amounts of Na, Mg, 
Fe, Ca, and K according to bulk analyses, ® as 
shown in Table 1. A total of 30 analyses of 
this sample were obtained at ~-150 C for two 
different collection times and beam current 
values. All 30 analyses were reduced to nor- 
malized oxide weight percent values with k- 
factors previously determined for these in- 
strumental conditions.* Table 2 contains the 
k-factors used for this data reduction along 
with relevant correlation coefficients and 
sample size. The reduced oxide weight percent 
values for SWY-1 are shown in Table 1 for com- 
parison with the normalized bulk analysis from 
wet chemical techniques.® Such a comparison 
with bulk chemical analyses is subject to some 
uncertainty owing to the unavoidable inclusion 
of impurity minerals (such as quartz and car- 
bonates) during collection and processing.° 
However, within the limitations of the tech- 
nique, it appears that analyses showing con- 
sistent trends can be obtained from beam-sen- 
sitive clay minerals. Table 1 indicates that 
all low-Z elements (except Si) show a general 
decrease in relative value as the beam current 
and collection time increase. This variation 
in smectite analyses with beam current and ir- 
radiation time is consistent with a loss of 
low-Z elements during data collection, even at 
low temperature (-150 C). 


Summary 


Element loss during thin-film analyses of 
silicate minerals prone to electron-beam-in- 


TABLE 1.--Smectite (SWY-1) analyses.+ 


duced irradiation damage can be reduced by 
collection of data at low temperatures (e.g., 
-150 C) and for relatively short counting 
times (<200 s). For high beam current densi- 
ties from LaBg filaments, this reduction of 
element loss is not as effective at the same 
temperature as for lower current densities 
from a W filament. 
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200s 200s 600s Bulk* 

b= 0.24nA 1.05nA 1.05nA n.a. 
67.31(2.75) 72.16(3.77) 76.23(3.61) 67.60 
24.36(0.81) 22.65(2.31) 19.67(2.72) 21.06 
0.03(0.08) 0.01(0.02) n.d. 0.10 
Feo 2.95(0.82) 2.11(0.59) 1.79(0.48) 1.96 
MgO 3.87(1.01) 2.59(0.90) 1.97(0.42) 3.28 
cao 0.31(0.29) 0.14(0.16) 0.10(0.48) 1.81 
Na,0 0.99(0.88) 0.30(0.46) 0.23(0.11) 1.64 
K0 0.18(0.19) 0.03(0.10) 0.02(0.02) 0.57 


+All analyses normalized to 100%; standard deviations (in parentheses) for n = 10. 


*Bulk analysis from van Olphen and Fripiat.® 
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FIG. 1.--Comparison of k-factor plots for Amelia albite at -150 C and 20 C with W and LaBg fil- 
aments. W filament data are from earlier work; error bars are one standard deviation. 


Kaolinite 
O, 
Kaisi “150°C 
1: 
TABLE 2 
Element ee r nt 
ZSi 
1.4 
Na 2.96 0.98 5 
Mg 1,60 0,99 5 
Al 1.27 0.99 8 
1.2 K 1.35 0.99 3 
Ca. 1.09 0.99 6 
Fes 1109 0.99 5 
50 100 200 300 Seicee es: 
Time (s) * Correlation coefficient for Cr7c,, VS: Izyz.. 
FIG. 2.--Plot of kyjg; vs collection time for plots, Si Si 
well-crystaliized Gédfgia kaolinite at -150 C. - 
Error bars are one standard deviation. No. of mineral standards used. 
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ANALYTICAL ELECTRON MICROSCOPY OF EXTRATERRESTRIAL MATERIALS: RESULTS FROM MICROTOME 
SECTIONS OF CARBONACEOUS CHONDRITES AND INTERPLANETARY DUST PARTICLES 


D. F. Blake, A. J. Mardinly, and T. E. Bunch 


With the exception of samples returned from 
the moon during the Apollo program, the only 
materials available for direct laboratory 
study that are of extraterrestrial origin are 
meteorites and interplanetary dust particles 
(IDPs). IDPs are a relatively new class of 
extraterrestrial materials, which are collect- 
ed by high-flying aircraft in the strato- 
sphere.’~° These particles, 1-50 ym in size, 
enter the earth's atmosphere at ballistic ve- 
locities, but are sufficiently small to be de- 
celerated without burning up. IDPs commonly 
have chondritic elemental abundances, and so, 
like chondrite meteorites, are thought to have 
undergone very little differentiation since 
the formation of the solar system.°>?® Fur~ 
thermore, IDPs contain many of the phases and 
commonly exhibit phase relationships that have 
been proposed for pre-solar system material. 
One class of IDPs, the chondritic porous vari- 
ety, is comprised of loosely aggregated grains 
of high-temperature phases such as olivines 
and pyroxenes, mantled in carbon which appears 
to have been deposited directly from the gas- 
eous state. However, other IDPs are comprised 
of layer lattice silicates and thus appear to 
be secondary products of hydrothermal process- 
ing in a parent body of some kind. Carbona- 
ceous chondrites, once thought to be pristine 
remnants of the solar nebula, have proved to 
be in almost all cases, extensively hydrother- 
mally altered samples from the regolith of 
planetoids.’ Despite being extensively al- 
tered, some components of carbonaceous chon- 
drites clearly have retained vestiges of their 
pre-solar system origin, largely in the form 
of trapped noble gasses in some carbonaceous 
phases. 

Many questions remain concerning the origin 
of carbonaceous chondrites and IDPs, their 
relationships one to the other, and the sig- 
nificance of the phases they contain. Prog- 
ress has been hindered in the elucidation of 
phase relationships primarily due to the fine~ 
grained nature of the individual grains. In 
IDPs, phases commonly range from 0.1 um to 1.0 
nm. Larger phases (1.0-5.0 um) occur in car- 
bonaceous chondrites, but many matrix phases, 
particularly in extensively altered material, 
are in the submicrometer size range. Modern 
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analytical electron microscopes are well suit- 
ed to the task of analyzing and imaging phases 
in this size range. However, because of the 
fine-grained and heterogeneous nature of the 
materials, conventional specimen preparation 
techniques are inadequate. 

Until recently, most AEM results from IDPs 
were obtained from lightly crushed material 
dispersed on holey carbon support films. This 
specimen preparation technique has yielded 
nearly all the high-resolution analytical in- 
formation to date.°?97 For carbonaceous 
chondrites, for which a greater amount of ma- 
terial is available, a number of approaches 
have been used, including crushed-grain mounts 
of separates, and high-voltage and convention- 
al TEM observation of ion-thinned foils.+77** 
Recently, ultramicrotomy has been successfully 
applied to the study of IDPs.*® This tech- 
nique has proved invaluable in a variety of 
materials science applications, including 
high-resolution structure imaging of particu- 
late catalysts in an HVEM.*® 

We describe here a method we have found 
useful for embedding, sectioning, and observ- 
ing two types of extraterrestrial materials: 
hydrated interplanetary dust particles, and 
carbonaceous chondrite meteorites. The pe- 
trology of each is discussed and compared, 


Methods 


We prepared meteorite samples by embedding 
a small piece of material in the tip of an 
acrylic rod 2 in. long and 5/16 in. in diame- 
ter. A shallow hole is drilled in the center 
of one end of the rod, a small piece of meteo- 
rite is placed in the hole, and the remaining 
volume is filled with LR White "hard" grade 
resin.’ The assemblage is then placed in a 
vacuum oven and heat~cured at 90 C for 1 h.?% 
Before the resin sets, the oven is evacuated 
and brought back to atmosphere to insure that 
no air-filled voids remain within the materi- 
al. After curing, the acrylic rod is placed 
in a specially made fixture (Fig. 1) which is 
used to grind a pyramidal shape on the end of 
the rod that contains the sample. The result 
is a 45° four-sided pyramid whose apex is the 
meteorite sample itself (Fig. 2}. In this 
way, microtome sections can be made from the 
very point of the block, which results in an 
extremely tiny block face. Small block faces 
are essential when microtoming hard materials, 
to minimize potential diamond knife damage, 
and to reduce artifacts in the sectioned ma- 
terial. In addition, a small block face in- 
sures that a large number of serial sections 
can be placed on the same grid, which permits 
three-dimensional interpretations to be made 
of grains that occur in more than one section. 

IDPs are prepared in a slightly different 
fashion. Initially, the end of a 2in. piece 
of acrylic rod is fashioned into a pyramidal 


shape, as above. Next, a tiny flat is ground 
on the pyramid tip. A tiny drop of resin is 
placed on the flat block face and cured until 
tacky, and an IDP is transferred to the block 
using a glass fiber. (This technique has been 
previously described in detail by Bradley and 
Brownlee?’ and Bradley.?®) A second 

coat of resin is placed on the particle and 
heat cured in a vacuum oven, as above. 

Sample blocks prepared as above were placed 
in a Porter Blum MT-2 microtome for sectioning. 
Sectioning was performed at very slow speed, 
to minimize the potential for knife damage, 
and to reduce sectioning artifacts. The sec- 
tions were floated onto holey C support films 
on 3mm EM grids. After carbon coating, the 
specimens were observed in an Hitachi H-500 
TEM operated at 100 keV. STEM microanalytical 
work was performed on a JEM 2000FX equipped 
with a Kevex detector and Microanalyst 8000 
system. Semiquantitative standardiess analy- 
ses were performed using the Kevex supplied 
data reduction program FOIL. 


Results 


IDP Ames~IFC86-11. Figure 3 shows a low- 
magnification view of a microtomed section of 
Ames-DEC86-11, which is a hydrated particle 
(or CF).1° The particle consists of a rela- 
tively nonporous aggregate of fine-grained 
layer lattice silicates which appear to have 
been in situ hydrous alteration products of 
pre-existing grains (Fig. 4). The layer lat- 
tice silicates have a bimodal size distribu- 
tion in which matrix phyllosilicates have a 
grain size of 30-100 nm, and those which have 
pseudomorphically replaced pre-existing grains 
have a crystallite size of <<10.0 nm. Both 
appear to be smectites with compositions (as- 
suming 20% water) of MgO, 8.5%; Al,03;, 5.3%; 
Si0,, 47.9%; and FeO, 18.3% (matrix phyllo- 
silicate), and MgO, 5.9%; Al,0;, 6.1%; Si0,, 
47.2%; and FeO, 20.6% (grain). Powder dif- 
fraction patterns with major spacings of 5.2, 
4.42, 2.53, 1.93, 1.65, and 1.51 A are suppor- 
tive of an identification of smectite. The 
preservation of the delicate replacement fab- 
ric and the retention of phase relationships 
at the sub-10nm scale demonstrate the useful- 
ness of the microtome technique. 


Murchtson Carbonaceous Chondrite Matrix. A 
micrograph of microtomed Murchison carbona- 
ceous chondrite matrix is shown in Fig. 5. 
Large areas of suitably thin material are com- 
monly obtained from highly altered CM type 
meteorites such as Murchison. Figure 6 shows 
a lattice fringe image of one of the commonly 
occurring layer lattice silicates in the 
Murchison matrix. 


Allende Dark Inclusion. Figure 7 shows a 
low-magnification image of a microtome section 
of Allende, a less highly altered C3 carbona- 
ceous chondrite. The mineral grains present 
in the micrograph are predominantly olivine. 
The morphology of the grains, and the apparent 
grain size reduction relative to that deter- 
mined in ultrathin optical and microprobe sec~- 
tions, led us to realize that significant ar- 
tifacts were present in the section. Never- 
theless, many of the grains, although shat- 


tered, are still in situ and some petrologic 
interpretations are possible. Figure 8 shows 
a low-voltage SEM micrograph of the uncoated 
surface of the microtome block, which indi- 
cates (in particular, on the olivine grain) 
significant chipping and artifactual damage. 
This type of damage is often found in micro- 
tomed thin sections, and should be kept in 
mind when micrographs are interpreted. 


Diseusston and Conelustons 


Advantages of the Teehntque. There are 
numerous advantages to the use of microtomy in 
the preparation of TEM samples of extraterres- 
trial materials. Unlike the crushed-grain 
technique, it is clearly possible to maintain 
delicate interfaces, boundaries, and phase re- 
lationships between grains. This preservation 
allows for the possibility of detailed petro- 
logic examination of phases. The technique 
produces large thin areas suitable for both 
high-resolution imaging and thin-film micro- 
analysis. Because phases are held in place, 
layer lattice silicates and other minerals 
with strong preferred orientations can be 
viewed in any orientation, including that nor- 
mal to their basal planes. A number of serial 
sections can be placed on the same EM grid, 
allowing one to get a notion of the 3-D nature 
of the sample. Lastly, the remaining material 
in the resin block, or additional serial sec- 
tions from the same block, can be used for 
complimentary techniques, such as ion micro- 
probe, Auger microanalysis, scanning electron 
microscopy, etc. 


Disadvantages of the Technique. As with 
any specimen preparation technique, microtomy 
produces artifacts that must be separated from 
original features of the sample. Particularly 
in hard materials, artifacts such as chatter- 
ing (Fig. 8), reduction in grain size, etc., 
are problems that must be routinely dealt with. 
Where possible, it is always advisable to 
characterize a feature of interest in samples 
prepared by more than one technique. The em- 
bedding resin poses additional problems: a 
number of techniques of analysis are rendered 
difficult or impossible, including TEM analysis 
or identification of noncrystalline phases in 
the section, quantitative or even qualitative 
analysis for carbon, and isotopic analysis for 
various elements present in both the resin and 
the sample material. Because the sections are 
commonly floated off the knife into distilled 
water, layer lattice silicates such as smec- 
tite may swell or expand during sample prepa- 
ration. Finally, for careful EDS microanaly- 
tical work, a very clean sample is necessary 
in order to avoid the buildup of contamination 
during an analysis. Maintaining the necessary 
degree of cleanliness on the sample is partic- 
ularly difficult during microtomy. 

Despite the difficulties, microtomy appears 
to have advantages that far outweigh its dis- 
advantages. In many cases, data can be ob- 
tained from micromed samples that would be 
impossible to collect by any other technique. 
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COMBINED CATHODOLUMINESCENCE/BACKSCATTERED ELECTRON IMAGING AND TRACE ELEMENT ANALYSIS WITH 
THE ELECTRON MICROPROBE: APPLICATIONS TO GEOLOGICAL MATERIALS 


D. J. Henry and J. B. Toney 


Over the past 25 years cathodoluminescence 

(CL) has been used in geology primarily as a 
qualitative tool to enhance textural features 
not readily visible with optical microscopy.* 
In geological materials CL can result from a 


variety of processes in several minerals 
(Table 1). The traditional method for making 


CL observations in geological studies is to 
utilize a petrographic microscope equipped 
with a small chamber under vacuum (10 um 
pressure) and an electron gun. The lumines- 
cence image can be recorded with color film. 
This approach has revealed many valuable tex- 
tural features (especially in carbonate ce- 
ments in sedimentary rocks) that have contrib- 
uted to the understanding of sedimentary rock 
petrogenesis.? However, this technqiue has 
several disadvantages, including the difficul- 
ty of maintaining constant operating condi- 
tions during and between observations (e.g., 
vacuum levels, accelerating potential, sample 
current, etc.); the variable intensity and 
color sensitivity of color films; the general- 
ly poor resolution of images; and the low CL 
intensity of many geologically important min- 
erals (especially quartz). 

In order to overcome these problems, we 


have employed an imaging technique that uses a 


high-resolution electron microprobe equipped 
with a backscattered electron (BSE) detector 
and a cathodoluminescence (CL} detector with 
spectrometer. By combining the BSE and CL im- 
ages one can reveal textural features that 
cannot be resolved with optical or traditional 
CL microscopy or BSE imaging by themselves. 
Furthermore, with these images as guides, de- 
tailed electron microprobe analysis of trace 
elements can establish their distribution in 
minerals. Consequently, there are several ad- 
vantages to this technique, including: (1) 
high imaging resolution (<5 um); (2) constant, 
strictly controlled operating conditions; (3) 
spectral analysis of the CL signal; and (4) 
the ability to utilize controlled electron- 
beam damage to enhance textural features. In 
this paper we highlight application of this 
technique to several geologic problems. 


Instrumentation and Techniques 


For our investigation we have employed a 
Cameca MBX electron microprobe equipped with 
three wavelength-dispersive spectrometers, 
secondary-electron detector, BSE and CL detec- 
tor, and spectrometer (with a range of 400- 
900 nm). This configuration is particularly 
useful because (1) CL images can be obtained 
at any given wavelength within the spectral 


Author Henry is‘with Louisiana State Uni- 
versity, Department of Geology, Baton Rouge, 
LA 70803; author Toney is with ARCO Oil and 
Gas Company, 2300 West Plano Parkway, Plano, 
TX 75075. 


33¢ 


range or for total CL luminescence, (2) signals 
from the BSE and CL detectors can be imaged 
separately or electronically mixed, and (3) CL 
spectra can be obtained for small regions. 

Imaging was obtained with a focused, ras- 
tered beam with an accelerating potential of 
15 kV and sample currents of 50-100 nA. Total 
CL luminescence was generally used for imaging. 
CL and BSE signals were mixed (with the BSE 
signal as the subordinate signal) to enhance 
surficial fractures and grain edges (primarily 
from the BSE signal) so that CL luminescence 
due to secondary surface features can be read- 
ily distinguished from primary features. For 
comparative purposes, spectra were obtained 
with a defocused electron beam of fixed diame- 
ter (generally 10 or 20 um). It was found that 
in several minerals a decrease in the beam 
diameter (i.e., a greater electron flux per 
unit area) produced a significant enhancement 
of the intensity of the red portion of the 
spectrum. Polished thin sections with a 250 
carbon coating were used. 

Various geologically important minerals un- 
dergo variable degrees of beam damage under 
the experimental conditions outlined above. 
For example, carbonate minerals typically de- 
velop servere damage, so that much of the use- 
ful information is lost. Quartz undergoes a 
mild degree of beam damage: the intensity of 
the luminescence increases irreversibly with 
continued exposure to the rastered electron 
beam. Because portions of quartz grains may 
contain various trace element levels (and sus- 
ceptibility to beam damage), the relative beam 
damage may actually be used to enhance textur- 
al features, 


Applicattons 


Diagenests in Quartzose Clastte Rocks. 
With traditional CL techniques, quartz general- 
ly has a low CL intensity, especially in the 
diagenetic quartz overgrowths that can develop 
on detrital quartz grains in clastic sedimen- 
tary rocks. With the approach outlined above, 
we can readily observe subtle features that 
have generally not been previously discerned. 
For example, Fig. 1(b) shows that we can easi- 
ly observe the proportion of overgrowth relat- 
ing to detrital quartz as well as the fine os- 
cillatory zoning patterns developed in the 
overgrowth. Furthermore, detailed trace-ele- 
ment analyses from the overgrowth and the det- 
rital portion of the quartz (Fig. 2) establish 
that the overgrowths are relatively Al-rich 
and that there is an inverse relation between 
Al contents and CL intensity. This type of 
approach enables one to evaluate the subtle 
structures within detrital grains, development 
of pressure solution and overgrowth, style of 
zoning of the overgrowths, patterns of frac- 
turing and brecciation in quartz, and possible 
provenance of the detrital quartz grains.? 


TABLE 1. 
A. Common factors affecting CL response in minerals relevant to geologic studies. 


1. Enhanced CL response develops in minerals that contain: 

(a) cations that act as activators to CL (especially Mn*? and rare earth elements) 
(b) cations that serve as sensitizers to CL (e.g., Pbt? or Cet3) 

(c) lattice vacancies 

(d) structural distortions resulting from mosaic or intergrown crystals. 


2. Inhibted CL response develops in minerals that contain: 


(a) significant amounts of cations that quench the CL (especially Fe*?) 


B. Typical minerals that display CL. 


1. Common rock-forming minerals: 
Quartz, feldspar, pyroxenes (low Fe), olivine (low Fe), amphiboles (low Fe), mica (low Fe) 
Al,5i0,. polymorphs calcite 


2. Accessory or minor phases: 
Apatite, zircon, monazite, tourmaline (low Fe) 
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FIG. 1.--(a) BSE image and (b) combined CL/BSE image of quartz sandstone. Note dramatic dif- 
ferences in CL intensity of detrital relative to overgrowth portion of quartz grains in (b). 
Furthermore, oscillatory zoning in overgrowths become apparent. 

FIG. 2,--(a) CL/BSE image and (b) trace element traverse in quartz grain with well-developed 
overgrowth from quartz arenite. Analytical points are indicated by contamination spots. Over- 
growth luminescence is dull red whereas detrital core luminescence is bright red-violet. Note 
inverse relation between CL intensity and Al content in overgrowth, 
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Zircon and U-Pb Isotope Analysis. Zircon 
is a widespread refractory mineral that occurs 
in a wide variety of sedimentary, igneous, and 
metamorphic rocks. The minor and trace ele- 
ment composition of a given zircon grain can 
reflect the geologic environment of the host 
rock as well as earlier stages in its crystal- 
lization history. The evaluation of the zir- 
con prehistory is especially important since 
U-Pb isotopes are commonly utilized for age 
dating. With the technique outlined above, it 
is possible to observe features such as growth 
zoning, resorption, metamict or alteration 
textures, and overgrowths developed on inher- 
ited zircon grains (Fig. 3). In addition, de- 
tailed quantitative analyses can establish the 
quantitative distributions of trace and minor 
elements such as P, Hf, etc. (Fig. 3b). The 
interpretation of the U-Pb isotopic systemat- 
ics in zircon can therefore be refined and we 
suggest BSE-CL imaging as a necessary step in 
the routine U-Pb isotope analysis of zircons.* 


Apatite and the Role of Rare Earth Elements 
(REE}. REE contents in apatite have been used 
in petrology to infer processes such as the 
degree of fractionation of coexisting magmas.° 
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However, interpretations are somewhat limited 
if the nature of the REE distribution is un- 
known. Because small REE concentrations 

(<1-10 ppb) in apatite can produce high inten- 
sity CL signals, the CL imaging technique can 
easily detail REE distributions (Fig. 4). 


Other Applications. The nucleation and 
growth history of minerals are generally dif- 
ficult to evaluate in many silicate and oxide 
minerals. However, in silicates displaying 
CL, minor variations in trace elements (and 
the resulting CL} can reveal useful informa- 
tion on grain growth. For example, the early 
growth history of sillimanite, a mineral that 
generally appears homogeneous in optical mi- 
croscopy, can be readily observed with CL 
(Fig. 5). 


Conelustons 


We have described only a few possible ap- 
plications of the newly proposed BSE-CL tech- 
nique. Many other applications are possible 
and improvements to the hardware as well as to 
the proposed techniques will extend these ap- 
plications even further. 
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FIG. 3.--(a) CL/BSE image and (b) compositional profile of minor and trace elements in zircon 


grain from granite. 


Rounded core with high CL intensity is relict zircon grain. 


This core is 


surrounded by alternating metamict/alteration zones (dark) and normal zircon zones (light). 
Arrow represents a typical analysis of zircon composition within metamict/alteration zone. 
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FIG. 4.--(a} CL/BSE image and (b) partial trace element traverse in apatite from high-grade 
ironstone. High-intensity CL zones correspond to zones enhanced in REE and Si0,. Ce is repre- 
sentative of all REE. Note traverse line in (a). 

FIG. 5.--(a) BSE image and (b) CL/BSE image of euhedral sillimanite from pelitic schist. Sur- 
face fractures develop enhanced CL but are easily distinguished from primary dark CL feature 
that represents early growth feature in (b). 
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INDIVIDUAL PARTICLE ANALYSIS BY AUTOMATED EPMA FOR THE IMPROVEMENT OF 
SOURCE APPORTIONMENT STUDIES FOR REMOTE AEROSOLS 


Hedwig Storms, Paulo Artaxo, Frank Bruynseels, and René Van Grieken 


As part of the Global Tropospheric Experiment 
(GTE), the Amazon Boundary Layer Experiment 
(ABLE-2A) was designed to study the processes 
of aerosol and gas emissions by the forest and 
to assess the chemical mechanisms occurring in 
the Amazon Basin atmosphere. In the context 
of this study, aerosols were collected at two 
ground stations. At one sampling location, 
Duke Reserve, located 25 km from Manaus, sam- 
ples were collected 1.5 m above ground level. 
At the other site, Bacia Modelo Tower, situ- 
ated at about 75 km north of Manaus, aerosol 
samples were collected at a tower 45 m above 
ground level, 15 m above the canopy. The lo- 
cations were selected so that anthropogenic 
contributions were minimized. The fine and 
coarse mode aerosols were collected with 
stacked filter units. Particles with aerody- 
namic diameters ].5um < dp < 15 pm were col- 
lected on an 8yum pore~size Nuclepore filter, 
and the fine particles (d, < 1.5um) on a 0.4ym 
filter. Their loadings were optimized for 
single-particle analysis by automated Electron 
Probe x-ray Microanalysis (EPMA). 


Data Preatment 


The x-ray intensities obtained from the 
EPMA analysis of the individual particles are 
converted into weight concentrations by the 
application of a spherical particle ZAF-cor- 
rection as described by Armstrong and Buseck.’ 
A nonhierarchical nearest-centroid sorting is 
carried out to classify the particles into 
chemically similar groups.?°% For this ap- 
proach a set of training vectors is required 
that are obtained in two steps. First, a 
hierarchical cluster analysis using the Ward's 
error sum approach is performed on the data 
set of each sample analyzed, resulting in the 
average elemental composition of each group of 
particles for each sample. Subsequently a 
cluster analysis is performed on the average 
compositional data for all particle types in 
all samples. The result is a set of training 
vectors that are representative for the whole 
data set. Once the training vectors have been 
obtained, a nearest-centroid sorting is per- 
formed in which each particle is classified to 
the nearest centroid of the training vectors. 


Results 


For the fine-mode particles, a total of 
3321 individual particles were analyzed for 7 
different samples. Fourteen elements were de- 
tected and the x-ray intensities and the mor- 
phological information was stored for all par- 
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ticles. We found 914 particles (27.5%) showing 
no detectable elements with Z > 10, ZAF-cor- 
rections were applied to the remaining 2407 
particles, which showed at least one detectable 
element. The ZAF-corrected data set was sub- 
mitted to clustering procedures in order to ob- 
tain the average elemental composition of the 
particle groups and to classify the various 
clusters of particles. 

In addition to the microanalysis, bulk 
trace element measurements were performed on 
all the samples. Twenty elements with detec-~- 
tion limits around 0.1 ng/m? were measured by 
Proton Induced X-ray Emission (PIXE). The 
PIXE data were interpreted with the help of 
three receptor models: chemical mass balance, 
stepwise multiple regression, and absolute 
principal factor analysis, in order to obtain 
quantitative source apportionment results for 
the Amazon Basin aerosols." The results for 
the bulk measurements were published else- 
where.° 

Fourteen particle types were obtained from 
the application of hierarchical and nonhier- 
archical clustering. The mean value of the 14 
particle types are listed in Table 1. The 
elemental concentrations, expressed in weight 
percent, are listed in brackets. The concen- 
tration of the elements was calculated for 
their occurrence in their most common oxide 
form; the oxygen contribution is not listed. 
Only particles containing elements detectable 
with EPMA (Z > 10) were included in the clus- 
ter analysis. Most of the particle types can 
be related to two prevalent local sources. 

The major elements present in soil dust are 
Al, Si, Ti, and Fe. Three particle types, as 
can be seen in Table 1, are composed of a 
combination of these elements and represent 
30% of the total aerosol load. 

The particle types containing mainly S, K, 
and P, or a combination of those elements, can 
be related to the emission of aerosols by the 
vegetation. From Table 1, three particle 
types can be assigned to these sources and ac- 
count for 57% of the particles. The most a- 
bundant group shows only S as detectable ele- 
ment, in an organic matrix, as can be deduced 
from the high spectrum background. This par- 
ticle type is not identified as ammonium sul- 
fate, but consists of organic material (mainly 
C, 0) with a minor contribution of S. The 
particle type containing mainly Zn and S, with 
an abundance of 6.6%, can also be related to 
the forest emissions. Indeed, the release of 
Zn by vegetation has been measured by Beauford 
et al.®° Hence, 95% of the fine mode aerosol 
fraction can be related to these two local 
sources. 

Table 2 shows the set of training vectors, 
obtained as described above, that can be used 
to classify the particles in each sample, 

From the results listed in Table 3 it 
is possible to investigate the variability of 


the contribution of the different particle 
types as a function of sampling and weather 
conditions, but no significant influences can 
be observed from those factors. That means 
that the contribution of the two major sources 
of the aerosols is insensitive to the varia- 
tions mentioned above, and that the fine par- 
ticles in the Amazon Basin have a homogeneous 
spatial distribution. The buik analysis re- 
sult shows that the aerosols related to the 
vegetation account for 70% and the soil dust 
accounts for 30% of the total airborne aerosol 
concentration.° Only 3 factors can explain 
85% of the variability of the trace elemental 
concentrations, and two of them are clearly 
related to aerosols emitted by the vegetation. 


Cone luston 


This orienting study of the fine mode aero- 
sol fraction collected in the Amazon Basin 
shows that the combination of individual par- 
ticle analysis and clustering techniques con- 
stitutes a powerful method in the study of 
aerosol sources and their contribution to the 
environment. It offers the possibility of di- 
versifying the different particle types orig- 
inating from the same source. For instance, 
five particle types could be identified as 
originating from the vegetation. The soil 
dust is differentiated into three types. It 
would be difficult to discriminate the small 
differences between these particle types by 
the application of source apportionment models 
to bulk analysis results. 
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TABLE 1.--Results of nearest-centroid sorting 
for total data set. Values between brackets 
are weight percent of detected elements cal- 
culated as their common oxides. Oxygen con- 
tribution is not included, 


Particle type Abundance (in %) 


S{39] 24.0 
$[28], K[24] 22.1 
A1[21], Si[20) 19.9 
P[12]1, s[{24] 9.3 
Si[41} 7.1 
Sfi8], Zn[39] 6.6 
Fe{55), Sif5] 3.5 
S[16], Ca[3o] 2.7 
K[82] 2.1 
Ca[68} 1.5 
C1[100] 0.9 
cr[68] 0.6 
C1{25], Cul64] 0.36 
Na[48], S{i0] 0.17 


TABLE 2.--List of concentrations of groups representative for whole data set (training vectors). 
Weight concentrations are calculated according to most common oxidation state of elements 
present. 


Composition (in %) 


1 1.0 - 
2 3.1 - 
3 2.9 0.07 
4 0.5 - 
5 8.1 - 
6 3.6 - 
7 2.3 0.4 
8 0.9 ~ 
9 = = 
10 
Li 
12 
13 
14 


‘ABLE 3.--Abundance of particle types for fine-mode aerosol samples collected in Amazon Basin. 


Sample number 


Particle 
type L 2 


1 31.0 22.7 11.4 i9.i i2.7 36.0 
2 5.7 4.1 2.9 11.6 2.4 22.0 
3 2.2 1.6 30.8 20.0 63.7 20.8 
4 0.0 5.7 4 1.9 O.2 0.3 0.7 
5 0.4 2.4 2.1 5.3 3.7 2.4 ate 
6 o.90 0.0 0.2 0.5 0.8 0.0 O.5.. 
7 9.5 4.7 5.7 27.4 27.7 6.2 8.1 
8 7.0 8.9 4.8 7.0 10.6 5.8 5.9 
9 0.0 4.0 Q.0 0.0 0.0 Q.0 0.0 
10 38.9 2.4 i.7 i.9 0.9 O.7 0.0 
ii 0.9 1.6 0.0 0.0 0.90 0.0 0.0 
12 0.4 0.0 0.2 0.0 0.0 0.0 90.0 
is 3.5 1.6 6.2 4.8 5.8 O.7 2.2 
14 0.4 0.0 0.6 5.8 0.9 5-1 15 
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MINQUANT I: A QUANTITATIVE ANALYSIS SCHEDULE FOR TRACOR NORTHERN TASKS 


S. I. 


MINQUANT I (MINQ) is a program code segment 
written in Tracor Northern TASK5* schedule 
format for a TN-5500/TN-5600 electron micro- 
probe automation system. MINQ is designed to 
provide a simplificd method for quantitative 
analysis of geologic or other materials (sili- 
cates, oxides, sulfides, metals, etc.}). MINQ 
allows occasional operators to obtain quanti- 
tative analyses without extensive knowledge of 
the TASK operating program. In design, the 
MINQ schedule is similar to other user-orient- 
ed analysis programs, like ULTIMATE? and 
QUANT. 3 

Within the TASK operating environment MINQ 
utilizes the TN-5500 color-coded soft keys to 
provide the operator with a set of user-select- 
able analytical options, referred to as miner- 
al codes. Each mineral code selects an auton- 
omous schedule designed to analyze a specific 
material (rock-forming minerals, glasses, met- 
als, etc.)}. MINQ soft keys and TN-5600 PAC 
(Program Automation Control) function keys al- 
low the user to control instrument operations 
that are commonly used in the course of iden- 
tifying minerals or materials, selecting anal- 
ytical conditions, and storing analytical data, 
The MINQ schedule is written so that it is 
transparent to the TASK operating environment, 
which allows experienced users to control 
analytical conditions and implement stage au- 
tomation control routines (e.g., points tables 
and traces) directly through TASK commands. 

Quantitative mineral/material analysis is 
performed by an autonomous schedule, which may 
be run independently under TASK. Each analy- 
sis schedule specifies the elements to be 
analyzed; the order of analysis; and, for each 
element the reference standards to be used, 
maximum counting time and whether peak search- 
ing is enabled or disabled. Either Bence-Al- 
bee* or ZAF° data reduction procedures may be 
selected. A structural formula is calculated 
by use of the appropriate number of oxygen 
and cation units for the selected mineral and 
reported in the analysis output, and mineral 
end member calculations are provided. 

MINQ is divided into two functionally and 
logically distinct sections: an initializa- 
tion section and a data acquisition and reduc- 
tion section (Fig. 1). These two sections are 
driven by color-coded soft keys and screen di- 
alog, which request simple keyboard responses 
from the operator. 


Authors Recca and Grove are at the MIT De- 
partment of Earth, Atmospheric, and Planetary 
Sciences, Cambridge, MA 02139; author Lange is 
at the Harvard Department of Earth and Plane- 
tary Sciences, Cambridge, MA 02138. They wish 
to thank JEOL (USA) and especially C. H. Niel- 
sen for support and assistance in developing 
MINQUANT. 


Recca, D. E. Lange, and T. L. Grove 


Intttaltzatton 


The initial display of MINQ provides the 
user with the options; ANALYZE, DEFINE MINCODE, 
DEFINE DRIVES, DEFINE FILES, a Bence-Albee/ZAF 
correction routine toggle, and EXIT TO TASK. 

A user-definable set of default parameters 
(drives, mincodes, files, and correction rou- 
tine) is stored within the schedule, but they 
can be altered with the initialization soft 
keys. ANALYZE enables the next level of soft 
keys, and is used to begin the material analy- 
sis section of MINQ. The DEFINE MINCODE soft 
key allows the user to set up the mineral 

codes to be displayed in the analysis section 
of MINQ. Seven character identifiers are used 
as mineral codes and correspond to the names 
of common rock-forming minerals or other mater- 
ials of interest. The desired mineral codes 
can be selected interactively from a list of 
up to 250 options. DEFINE DRIVES allows the 
user to specify the storage device (disk drive, 
RAM memory) to be used for each of the follow- 
ing file types: system files and programs 
(e.g., correction routines), element tables, 
standard tables, Bence-Albee and ZAF defini- 
tion files and analysis schedules, background 
files, data (analysis output as saved by Bence- 
Albee or ZAF), and external data save which 
sets a flag enabling echoing of output over 
one of the auxiliary RS232 lines of the TN-5500 
for off-line storage. COR RTN (correction rou- 
tine) toggles between the Bence-Albee and ZAF 
correction procedures, selects the appropriate 
set of mineral codes, including defaults, and 
automatically loads the appropriate element 
and standard files for the selected correction 
procedure (as specified in DEFINE FILES). DE- 
FINE FILES specifies the TASK element and 
standard files to be loaded for the Bence-Albee 
or ZAF correction routines. EXIT TO TASK or 
CANCEL exits from MINQ and returns to the TASK 
operating environment. 


Analysts 


The second program level is accessed through 
the ANALYZE soft key. At the ANALYZE level 
five user-selectdd mineral codes are displayed 
on the first five color-coded soft keys. An 
arrow appears below the currently active min- 
eral code, which on entering ANALYZE is the 
leftmost soft key. The sixth soft key, desig- 
nated OTHER, is used to reset any of the first 
5 soft keys to access any of the available 
mineral codes available for the selected cor- 
rection routine. The CANCEL soft key returns 
control to the INITIALIZE level. 

In the ANALYZE mode the PAC function keys, 
and single key-strokes on the TN-5500 keyboard 
provide additional program control. The PAC 
function keys (f1-F5) are used to start an 
analysis with the currently selected mineral 
code (Ff1), acquire an EDS spectrum (F2), tog- 
gle the cup (beam flag) in and out (F3), toggle 
the background switch on and off (F4), and 
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delete the last acquired analysis from a run- Commands within TASK allow the ANALYSIS 


ning average (F5). On the TN-5500 keyboard schedules and definition files to be changed 
the following character keys are enabled: C, to suit users' specific needs. 

input a comment label to be printed before 

each analysis is output (Fig. 2}; A, average References 


analyses performed since the last time average 
was invoked or since the last change in miner- 
al code selection occurred; R, recalculate 
structural formula with a new cation and/or 
oxygen base and/or end member formula; and L, 
list any or all of the available mineral anal- 
ysis and their associated definitions files. 

When a new mineral code is selected, MINQ 
loads several files from the storage devices 
selected through DEFINE DRIVES. A schedule 
(ANALyze) is loaded which contains the TASK 
commands which select elements for analysis, 
maximum counting time for each element, peak 
search options, and the order of analysis. A 
separate file contains the background intensi- 
ties for each element; this file is updated 
each time an analysis is performed with the 
background switch set to on. A separate 
Bence-Albee or ZAF definition file is loaded 
for each mineral group. 

From TASK: Run Schedule 
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TN2120 ZAF Matrix Correction Procedure for 
Bulk Samples: Operation and Program Desertp- 
tton, Tracor Northern, 1981. 
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FIG. 1.--Schematic diagram of program flow in 
Minquant I. 


BEG ON 

X= 15.971 Y= 24.097 2 11,374 ~ FLAG 
29° JAN-B7 LS215957 

CLEAR LAKE LABRADCRITE (THIS IS THE ANALYSIS LABEL) 


REF.S WDS:NAL WDS:MG2 WDS:AL2 WDS:SI2 WOS:CA2 WDS:FET WDS:k3 


BENCE-ALBEE ANALYSIS 100,1462 99.8848 99.9275 


BETA CALC’D WY % FORMULA BASE= 
1.4149 F.S2 NA Oe 


115 1.1510 O. O8 MG Q 
ALLO L.O781 Fa.8e AL ] 
stas 1.1844 31.41 St 2 
Cag 1.90703 17.49 cA O 
FEO 0.00536 1.1424 Oo, 4t FE Qo 

2g O.Q0U08% 1.1163 k Oo ms 
TOTAL= 4.9947 S.0076 
MORMAL [ZED CA 9.642 NA oO. 320 BF Q,0n7 
A®L FRACTION ©.651 


FIG, 2,.--Sample Minquant output using Bence- 
Albee correction, 
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MINQUANT II: A MINERAL CODE SOFT KEY PROGRAM FOR SANDIA TASK8 


D. E. Lange and S. I. Recca 


MINQUANT II is an on-line quantitative analy- 
sis procedure that allows mineral code selec- 
tion through the use of the soft keys on a 
Tracor Northern 5500 series system. Each min- 
eral code controls data acquisition through a 
linked matrix correction definition and pro- 
vides control over counting parameters and 
structural formula and end member calcula~ 
tions. MINQUANT II is written as a series of 
FLEXTRAN? subroutines for use with Sandia 
TASK8? and may be used with any matrix correc- 
tion program suitably adapted. 

MINQUANT I* was developed for use with 
TASKS* but has limitations imposed by TASK5 of 
little control over counting parameters for 
individual elements or mineral codes and is 
constrained in the number of references avail- 
able by the small element table available with 
TASKS. Sandia TASK8 provides much more flexi- 
bility and uses an element table of up to 100 
references. QUANT,* a quantitative analysis 
schedule, is available for Sandia TASKS8 but 
only allows a single definition available at 
any time. A mineral code capability is avail- 
able for BA85° but is limited and did not com- 
pletely meet our needs. 

MINQUANT II was developed with the follow- 
ing goals in mind: 


1. Mineral code selection via a single 
keystroke. 

2. Easy to set up and use in a university 
environment that has many occasional users. 

3. Complete control of counting parameters 
for individual elements and individual mineral 
codes. 

4, Background intensities saved and re- 
called for each mineral code. 

S. Mineral code calculations and control 
would work with various matrix correction pro- 
grams. 


Each mineral code has the following defin- 
able: seven character name, kV, beam current, 
structural formula calculation information, 
and an end-member calculation subroutine. 
number of elements is limited to the number 
allowed within the matrix correction program 
(for example, 45 for BA85). Within a mineral 
code, each element has the following defin- 
able: minimum and maximum counting times, 
peak search and background measurement ON/OFF 
flags, desired standard deviation, minimum 
peak-to-background ratio for maximum time, and 
priority. 

On entering MINQUANT the user is provided 
with a list of available mineral codes based 
on current kV and matrix correction proce- 
dure desired. The available mineral code 
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The 


files are copied to ramdisk for fast access. 
The soft keys are then set up as the operator 
desires with up to two sets of five available; 
the sixth soft key selects the other set. The 
currently selected soft key is indicated with 
an '*" below the mineral code name; a '"'B" fol- 
lows the ''*" if backgrounds are to be run for 
the next point. An analysis is started by se- 
lection of a mineral code via its soft key or, 
if the current selection is desired, by the 
£1(TN-5600) or #1(TN-1310) button on the joy- 
stick box. The background flag is toggled on/ 
off with the "B'' key. Once the soft keys are 
set up, MINQUANT may be exited and reentered 
without the soft keys being set up. Most TASK 
commands are available within MINQUANT through 
the '." interrupt. 

The soft key selections may be edited at 
any time but exit from MINQUANT is required to 
set up a new mineral code or to edit an exist- 
ing one. To set up a mineral code, a matrix 
correction definition must first be set up or 
an existing one loaded. Several mineral codes 
may use the same matrix correction definition 
as long as the elements and references are the 
same, 

Mineral codes may also be used with a 
points table. The SET POINT command calls a 
mineral code setup routine if the MVAR MINCODE 
variable is on. The soft keys are first as- 
signed mineral codes as in the joystick mode; 
then the pressing of a soft key assigns the 
selected mineral code to the point and ad- 
vances the point counter by one. From the 
joystick box, fl or #1 will do a jog, f2 or #2 
will accept the point assigning the last-used 
mineral code, and the pointer is advanced by 
one. 
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SEM-BSE MICROSTRUCTURE OF Pb-Zn ORE FROM NAVALMEDIO, CIUDAD REAL, SPAIN 


F. A. Calvo, J. M. Guilemany, J. M. Gémez de Salazar, and A. Urefia 


The Pb-Zn ore from Navalmedio (Ciudad Real, 
Spain) is situated 25 km from the famous mer- 
cury mine of Almadén.* This ore is in process 
of exploitation; the preparatory work (mine 
well, galeries, and adjacent installations) 
has been completed. The estimated reserves 
for this ore are 4 million tonnes, with 4% Pb 
and 2.5% Zn. The ore also contains 80-120 ppm 
Ag and 0.2% Hg. 

We have made SEM measurements on represen- 
tative samples of the ore, in order to learn 
the disposition, distribution, and microstruc- 
ture of the phases present and to determine 
the metallic elements in solid solution. Asa 
result of this study we propose a genesis for 
this ore and a justification of the physical- 
chemical process for its treatment. 


Experimental 


Previous to the SEM study, we have identi- 
fied the following phases by x-ray diffrac- 
tion: galena, sphalerite, quartz, pyrite, and 
aluminosilicates. Analysis by spectrographic 
emission shows as majority element Al, Si, Zn, 
and Pb; minority elements Mg, V, Cr, Cu, and 
Sn; and as trace elements Ti, Co, Ni, Ag, and 
Hg. 

The SEM-BSE studies on mineral samples, 
prepared on polished or broken surfaces, were 
made with a JEOL JSM 35C scanning electron mi- 
croscope with a Kevex 7077 microanalyzer and a 
ZAF-Magic V data correction. The work condi- 
tions were 25 kV, work distances of 15 and 39 
mn, preset 100 s, reference current 380-440 
uA, and take-off angle 35°, Johnson Mattey 
mineral samples were used as analysis stan- 
dards. 


Results 


The majority economic phases present in 
Navalmedio ore are galena and sphalerite. 
These mineral phases allotriomorphically re- 
fill the siliceous phases that constitute the 
host rock (metamorphic rock). Figure 1 shows 
the joint mineralization of galena (G) and 
sphalerite (Sh) on oolitic quartz (Q), sider- 
ite (C), and aluminosilicates phases (A). The 
sphalerite phase frequently appears in idio- 
morphic form. In Fig. 2 the galena phase (G) 
allotriomorphically refills the oolitic quartz 
crystals (Q), which occasionally exhibit in- 
tracrystalline inclusions of galena, with a 
marked idiomorphic character (hexagonal, as 
shown in Fig. 3, a detail of Fig. 2). When we 
observe broken surfaces (brittled in liquid 
air), oolitic quartz crystals appear, formed 
(constituted) by a determinate number of idio- 
morphic crystals that grow freely and exhibit 
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high porosity that permits the access of PbS 
to the interior (Fig. 4). 

The idiomorphic siderite phase is associ- 
ated with quartz and aluminosilicates phases 
and shows Mn and Ca in solid solution (Figs. 5 
and 6). The mean concentration detected in 
siderite is Ca 2% and Mn 7.3%. Broken sur- 
faces show a clear fibrous-lamelar character 
for this phase (Fig. 7). 

Both galena and sphalerite show laminar 
fracture surfaces (100 planes in galena) , 
which gives this ore a high deleznability 
(Figs. 8 and 9). EDS microanalysis on the 
sphalerite phase shows the presence of Fe, Co, 
and Ni in solid solution: the Fe concentra- 
tion in sphalerite is between 4.5% and 9.8% 
(Fig. 10). 

Cubic crystals (twinning) of the mineral- 
phase galena are observed growing preferen- 
tially on free surfaces (pores and veins) 

(Fig. 11). If we compare these structures 
(natural ore) with those obtained by synthesis 
tests (magmatic way), we verify a high degree 
of similarity (Figs. 12 and 13); and the same 
is true when we compare natural ore and syn- 
thetic ore (Figs. 14 and 15). We can deduce 
that the Navalmedio ore was formed by injec- 
tion of a magmatic melt that contained S, Zn, 
and Pb, and that during its cooling the galena 
and sphalerite phases were stabilized. Other 
mineral phases detected in Navalmedio ore 
(minorities) are pyrite, which appears idio- 
morphic (Fig. 16); chalcopyrite (Ch), with 
silver in solid solution (Figs. 17 and 18); 
and the minerals covellite-chalcosite, associ- 
ated to tetrahedrite (Fig. 19). Silver in 
solid solution is frequently detected in these 
minerals (Figs. 20 and 21). The mean concen- 
tration of this element in copper sulfides is 
16.2 wt%.? 


Cone Lustons 


1. Navalmedio ore is formed by galena and 
sphalerite as economic mineral phases. 

2. Silver elements have been detected in 
chalcopyrite, covellite-chalcosite, and tetra- 
hydrite minerals. 

3. We have not detected mercury in solid 
solution. 

4. We propose as genesis the injection of 
a magmatic melt with S, Zn, and Pb as majority 
constituents, which during its cooling (solidi- 
fication) stabilized the most thermodynamic 
stable phases (galena and sphalerite.°’* 

5. We suggest that this ore should be ben- 
eficiated by grinding and global flotation. of 
sulfur phases, and that all economic elements 
of interest (Zn, Pb,and Ag) be obtained by 
hydrometallurgical processes, 
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FIG. 1.--Galena (G) and sphalerite (Sh) re- 
fill idiomorphic siderite (C) and oolitic 
quarts (Q). BSI. 

FIG. 2.--Oolitic quartz crystals mineralized 
by PbS (G). BSI. 

FIG. 3.-~-Intracrystalline galena in quartz 
(detail of Fig. 2). BSI. 

FIG. 4.--ldiomorphic quartz crystals growing 
freely in oolitic form. SEI. 

FIG. 5.--Idiomorphic siderite with Ca and Mn 
in solid solution. BSI. 

FIG. 6.--EDS image of siderite with Ca and Mn 
in solid solution. 

FIG. 7.--Fibrous-laminar structure of siderite 
phase. SEI. 
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FIG. 8.--Broken surface of sphalerite. SEI. 
FIG. 9,.--Basal fracture of galena in 100 
planes. SEI. 

FIG. 10.--EDS image of sphalerite with Fe, Co, 
and Ni in solid solution. 

FIG. 11.--Cubic crystals of galena (twinning). 
SEI. 

FIG. 12.--Cubic crystals of galena detected in 
natural ore. SEI. 

FIG. 13.--Cubic crystals of galena obtained by 
synthesis test. SEI. 

FIG. 14,.--Details of natural ore (galena and 
sphalerite). SEI. 


FIG. 15.--Details of synthetic ore (galena §& sphalerite}. SEI. 
FIG. 16.--Idiomorphic pyrite present in natural ore. SEI. 
FIG. 17.--Chalcopyrite (Ch) with Ag in solid solution. BSI. 
FIG. 18.--EDS image of chalcopyrite. 

FIG. 19.--Covellite-chalcosite phases associated with 
tetrahydrite phase. 

FIG. 20.--EDS image of covellite-chalcosite phases with Ag 
in solid solution. 

FIG. 21.--EDS image of tetrahedrite showing presence of Ag 
in solid solution. 
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9. Laser Microprobe Analysis 
LAMMA AS A TOOL IN MICROBIOLOGY 


Ulrich Seydel and B. Lindner 


The two commercially available laser micro- 
probes LAMMA (Leybold-Heraeus, Federal Republic 
of Germany) and LIMA (Cambridge MS, Great Bri- 
tain} work on the same principle: a high- 
power pulse laser is focused through a micro- 
scope objective onto the sample, and evapo- 
rates and partially ionizes a small volume; 
the produced ions are analyzed in a time-of- 
flight (TDF) mass analyzer. This design re- 
sults in specific analytical features, which 
differ from some of those of other microprobe 
systems: (i) the lateral resolution is rela- 
tively poor due to the limitation set by the 
optical resolution of the focusing system, 
(ii) the detection limits for elements, even 
for low Z, are extremely low, (iii) the mass 
spectrometric analysis makes it possible to 
register molecular ions and isotopes, and (iv) 
the utilization of a laser as ionization 
source allows an application of such instru- 
ments for laser desorption mass spectrometry 
(LDMS) of complex, thermolabile nonvolatile 
biomolecules in the higher mass region. 

For the analysis of biological specimens 
(thin sections, cells, cell components, bac- 
teria) the application of a transmission type 
of instrument--laser-sample-TOF arranged lin- 
early--is most favorable. For our purposes we 
use the LAMMA 500. However, the use of a TOF 
analyzer in combination with the laser ioniza- 
tion brings about some restrictions with re- 
gard to the mass resolution («1 700) which of- 
ten cause difficulties in separating molecu- 
lar from atomic ions; e.g., **K+ from (C3Hs5)*. 

Advantages of this technique for solving 
problems in microbiology arise particularly 
out of its two features, high sensitivity and 
lateral resolution, which allow the analysis 
of single bacterial cells. In that way, ques- 
tions can be answered that are not accessible 
to the normally applied integral methods. The 
two most obvious applications to be emphasized 
in this connection are the possibility of es- 
tablishing distributions of (for example) ele- 
mental concentrations within a bacterial popu- 
lation, and of correlations between certain 
measured characteristics of a bacterium with 
its morphology. 

The mass spectrum of a single bacterial 
cell contains information on its intracellular 
cation contents as well as on the organic ma- 
trix. In particular, the relation between the 
sodium and potassium contents can serve as a 
criterion of the physiological state of a 
cell, and thus of its viability. The informa- 
tion from the organic matrix can be extracted 
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from the complex spectra of fragment ions pro- 
duced by the interaction of the laser with the 
cell. The large number of fragment ions can- 
not be assigned to particular chemical struc- 
tures of the cell, but they can be evaluated 
by multivariate analytical procedures as 

mass fingerprints and thus yield additional 
information. 

In this contribution we give examples that 
demonstrate the capability and limitations of 
this single-cell mass analytical tool in 
microbiology. 


Experimental 

A detailed description of the LAMMA 500 in- 
strument is given elsewhere. For single-cell 
mass analysis, the bacteria are harvested from 
the growth medium in the case of cultivable 
cells, or isolated from infected tissue in the 
case of Mycobactertum leprae, which does not 
multiply in artificial culture media. The 
bacteria are then washed in distilled water to 
remove extracellular contaminations, with care 
being taken that alterations in the intracellu- 
lar concentrations are avoided. The bacteria 
are then brought onto pioloform-coated copper 
meshes in a widespread distribution, so that 
laser evaporation of a single cell at a time 
is made possible. 27°3 

Although one can determine the absolute in- 
tracellular contents of sodium and potassiumof 
a single cell,* which are by orders of magni- 
tude higher than the absolute detection limits 
of the LAMMA instrument (2 x 107?° and 
1 x 10°*° g, respectively), for the determina- 
tion of the physiological state it is suffi- 
cient to measure their ratio. This way, many 
problems which are inevitably connected with 
absolute measurements can be excluded. Be- 
cause of overlapping contributions of atomic 
and molecular ions at mass m/z 41, the deter- 
mination of the sodium to potassium ratio 
(Na*-K*t ratio) is related to the potassium iso- 
tope 39k. To establish a distribution of this 
ratio for a bacterial sample, data of 600 cells 
are collected. 

For fingerprinting, 120 spectra are typical- 
ly evaluated from each sample. For establish- 
ing similarity relationships among various 
samples by cluster analysis, the experimental 
conditions concerning growth medium, isolation 
procedure, sample preparation, and instrumental 
settings must be identical. Furthermore, all 
spectra have to be normalized to total inten- 
sity to minimize variations in the ion intensi- 
ties from shot to shot due to varying laser- 
sample interactions. Details of the applied 
cluster analysis are described elsewhere.° 


1 


Results 


In Fig. 1 an example is given for the appli- 
cation of the single-cell analysis to the de- 
termination of variations in the physiological 
state within bacterial populations. It demon- 
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strates differences in the relative cumulative 
distributions of the Nat-K+ ratios for Myco- 
bactertun smegmatis prepared from a culture 
medium (A) and M. leprae isolated from an in- 
fected armadillo liver (B). From microbiolog- 
ical viability tests it is known that approxi- 
mately 90% of all M. smeg. cells are viable 
under the particular growth conditions applied 
here. The 90% value of the Nat-Kt ratios is 
0.4 in this case. However, only about 50% of 
all cells lie below this value in curve (A). 
Under certain assumptions, which cannot be 
discussed here, it can be concluded from this 
comparison that this M. leprae population con- 
tained only a reduced number of viable cells. 
In this way it is possible to determine the 
number of viable cells of noncultivable bac- 
teria, a task that can be otherwise performed 
only unsatisfactorily in animal tests. 

Figure 2 shows the mass spectra of two mi- 
croscopically identical morphological struc- 
tures, both from the same M. leprae prepara- 
tion of a human biopsy: (a) a pattern found 
to be characteristic for mycobacteria, and (b) 
a spectrum that leads to a completely differ- 
ent mass fingerprint. This example shows the 
feasibility of judging the homogeneity of a 
bacterial sample, and of achieving a correla- 
tion between different morphological struc- 
tures and the related mass spectrometric data. 
For example, one could examine in this way the 
assumption that a relation exists in leprosy 
between the morphological appearance of a cell 
and its physiological state; i.e., a high de- 
gree of granulation expresses a loss of via- 
bility. 

Another field of application of the mass 
fingerprinting is shown in Fig. 3: the 3-di- 
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mensional nonlinear map of the similarity re- 
lationships among 34 M. leprae samples iso- 
lated from patient biopsies before and after 
several months of a monotherapy with a chemo- 
therapeutic. Each point represents the aver- 
age over 120 single-cell mass spectra of one 
sample. Obviously, these averaged spectra are 
separated into two groups, untreated and 
treated. The two points A3' and B4' represent 
bacteria from patients under therapy who did 
not respond to the treatment, as was deduced 
from the intracellular Na*t-K* ratios. ® 

Beyond the pure application of LAMMA as a 
microprobe, the instrument can be also uti- 
lized as a laser desorption mass spectrometer 
and thus give additional information for 
structural elucidation of biomolecules iso- 
lated from bacteria in a mass region up to 
about 3000 amu.’ 
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FIG. 1,.--Relative cumulative distributions of Nat-Kt ratios of 600 single cells, in each case 
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FIG. 2.--LAMMA fingerprint spectra of two microscopically identical structures: (a) typical 
fingerprint of one mycobacterium, (b) fingerprint of artifact. 


FIG. 3.--3-dimensional nonlinear map of similarity relationships among 34 bacterial samples. 
Each point represents averaged fingerprint of 120 single-cell analyses. © fingerprints from 
cells of untreated patients, © fingerprints from cells of patients under therapy. 


355 


Roy H. Geiss, Ed., Microbeam Analysis — 1987 
Copyright © 1987 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


LAMMA STUDY OF AEROSOL SAMPLES COLLECTED IN THE AMAZON BASIN 


F. J. Bruynseels, P. Artaxo, H. M. Storms, and R. E. Van Grieken 


Aerosol samples collected in the Amazon Basin 
with a 10-stage cascade impactor were analyzed 
in the laser microprobe mass analyzer (LAMMA- 
500}. Because of the high organic content of 
the aerosols and the current interest in the 
enrichment of trace metals in biogenic aerosol 
emissions, the application of LAMMA in this 
field of atmospheric research can provide in- 
teresting results. Individual aerosol parti- 
cle analysis was performed with a view to 
studying the usefulness of LAMMA in aerosol 
source identification for plant-related aero- 
sol emissions. 


Sampling and Analysts 


Aerosol sampling was carried out both from 
ground-based stations and by aircraft flights 
during the Amazon Boundary Layer Experiment 
(ABLE-2A) as a part of the Global Tropospheric 
Experiment (GTE). The aerosols were collected 
with a 10-stage Batelle-type cascade impactor 
(cutoff diameters of 16, 8, 4, 2, 1, 0.5, 
0.25, 0.12, and 0.06 um and a backup filter), 
operated at a flow rate of 1 1/min. Formvar- 
coated electron microscope grids were mounted 
on each stage. The sampling campaign was car- 
ried out from 11 July to 5 August 1985. One 
impactor sample for LAMMA analysis discussed 
below was sampled on 13 July 1985 from 11:58 
a.m. to 12:13 p.m. at a site named Bacia Mode- 
lo Tower, situated in a reservation park about 
70 km north of the city of Manaus, Brazil. 

The sampling equipment was installed on top of 
a 45m high tower, at about 15 m above the for- 
est canopy. The sampling area is very diffi- 
cult to access, so that almost no local an- 
thropogenic contributions are to be expected, 
as was also evident from proton-induced x-ray 
emission measurements on the bulk samples.’ 
The second aerosol sample was collected on 19 
July 1985, during a flight with the NASA Elec- 
tra aircraft from Manaus to Belem. Details of 
the sampling procedures and sites can be found 
elsewhere.* The particle size was checked by 
optical observations in the microscope, be- 
cause variations in altitude during the flight 
changed the cutoff characteristics of the im- 
pactor. 

The loaded electron microscope grids were 
analyzed in the LAMMA instrument for the de- 
termination of the chemical composition of the 
individual aerosol particles. For the impac- 
tor sampled at Bacia Modelo Tower, 150 spectra 
of individual particles were recorded. For 
the aerosol sample collected during the air- 
craft flight, 100 submicron aerosol particles 
were analyzed. 
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Results and Dtscusston 


Sample Collected at Baecia Modelo Tower. In 
the cascade impactor collected in Bacia Mode- 
lo Tower, at least seven types of particles 
could be detected. In the coarse-mode aero- 
sol, large particles were found that are pos- 
sibly released by mechanical abrasion of the 
ieaves due to wind action.? The numerous mass 
peaks in the positive mode mass spectra orig- 
inating from the organic material show the 
following systematic structure: 


(CnHon-1)+ at m/z = 27, 41, 55, 69, 83, 97... 


(CnHanei)* at m/z = 29, 43, 57, 71, 85, 99... 
(CnHon+1 0} at m/z = 31, 45, 59, 73, 87, 101... 


it} 


In the negative ion mode spectra the fol- 
lowing series of peaks were identified: 


(CnHon-1)7 at m/z=41, 55, 69, 83, 97, 111, 115... 
(CnH2n-10)7 at m/z=43, 57, 71, 85, 99, 113, 127... 
(CnHen+10)" at m/z=45, 59, 73, 87, 101,115, 129... 


These mass peaks are the result of the 
fragmentation of hydrocarbons and terpenes, 
and the oxygen-containing ions are formed by 
the fragmentation of oxygenated compounds 
(e.g., alcohols, esters, etc.}. Since the 
spectrum is a superposition of many organic 
compounds, and because of the complex fragmen- 
tation behavior of long-chain hydrocarbons, a 
detailed structural interpretation of the 
spectra is not possible. Besides the organ- 
ics, inorganic elements such as Na, Mg, K, Ca, 
and Cu could be also identified. 

The second and most abundant particle type 
accounts for about 50% of the particles. The 
mass spectrum was compared with reference 
spectra of K3P0,, K,HPO,, and KH,PO,. The 
positive mode peaks at m/z = 141, 157, 175, 
and 213 were identified as K;PO,*, K,PO,*, 
K,H,PO,*, and K,HPO,”, respectively. In the 
negative ion mode, the mass peaks at m/z = 63 
(P0,-), m/z = 79 (PO,~) were detected for all 
reference compounds, but the H,P0,” cluster 
was only observed for KH,P0O,. The positive 
mode clusters, seen in the spectra of the ref- 
erence salts, were also recorded in the spec- 
tra of the ambient aerosols. Although the 
relative intensities of the clusters most 
closely correlate with the KH,PO, fingerprint, 
the spectra are not identical. This result 
permits the assumption that the phosphate 
group in the unknown sample is probably linked 
to an organic chain (e.g., in phospholipids). 
The presence of an organic fraction is clearly 
indicated by clusters such as C3H7~ (m/z = 43), 
CoHs0- (m/z = 45), CsH,,~ (m/z = 71), etc. 

The presence of K and P in aerosol samples 
collected above forested areas has been as- 
signed to aerosol emission by plants.? 

The third important particle type was iden- 
tified as a mixture of several salts including 
sulfates, carbonates, and chlorides, and it al- 
so contained an organic fraction. The major 
mass peaks can be classified as follows: 
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Mot | at m/z = 46, 62, 78 with M = Na, K 
M,CNt at m/z = 72, 88, 104 

MoC3H7* at m/z = 89, 105, 121 

M20+ at m/z = 62, 78, 94 


M2OH+ at m/z = 63, 79, 95 

MeC1t at m/z = 81, 97, 113 

M3SOut at m/z = 165, 181, 197, 213 
M3CO3* at m/z = 129, 145, 161 


Inorganic elements such as Na, Mg, K, and 
Ca are abundantly present. These aerosols are 
thus most likely related to the emissions by 
plants. The appearance of nutrient elements 
like Na, Mg, K, Ca, Cl, and SO,?- is attrib- 
uted to the emission of aerosols during plant 
transpiration and these elements could be . 
emitted simultaneously with the plant wax.°’* 
The migration of salts into the atmosphere 
during crop plant transpiration was studied by 
Nemeruyk, who measured the transpiration of 
Ca**+, SO,?*, Cl-, Kt, Mg?+, and Nat from 
plants in ambient air. 

The fourth type of aerosols yielded finger- 
print spectra such as shown in Fig. l(a) and 
(b) for the positive and negative mode, re- 
spectively. Their major component was tenta- 
tively interpreted as a sulfate salt of an or- 
ganic nitrogen compound, namely an amine. 

From the elemental composition of the mass 
peak at m/z - 112 (C7Hi,N*) a molecular weight 
of 113 daltons is proposed for the amine. An 
additional mass peak at m/z = 95 can be at- 
tributed to a CH3S03- anion. This cluster was 
found to be typical for a sulfonate species as 
was inferred from reference spectra of 
NaCH3S03. The negative mass peaks at m/z = 141 
and 155 are interpreted as a combination of 
the HSO,- cluster with the CoHeN and C3HsN 
fragments, respectively. The origin of vana- 
dium, found to be present as a trace element 
in these particles, is unknown. 

The organic fractions frequently detected 
in biogenic airborne organic matter are hydro- 
carbons (wax and terpenes), carboxylic acids, 
ketones, and alcohols.® Data about amino com- 
pounds in aerosols are very scarce, but a- 
mines, amides, and amino acids have been iden- 
tified in dry and wet deposition samples, so 
that their occurrence in the atmosphere is ob- 
vious.’ The formation of organic ammonium 
salts could be important for the neutraliza- 
tion of the airborne sulfuric acid in addition 
to the neutralization by ammonia. The detec- 
tion of the methane sulfonic acid species is 
consistent with the finding that also land 
plants can produce dimethylsulfide (DMS).® 
The reaction pathway for the oxidation of DMS 
by OH and NO; radicals results in the forma- 
tion of dimethylsulfoxide (CH,SOCH;) methane- 
sulfonic acid (CH;S0,H) and sulfur dioxide 
(SO,). If methanesulfonic acid exhibits the 
same behavior as H,50, formed by SOQ, oxida- 
tion, it will take part in the formation of 
the fine mode sulfate aerosol (excess sul- 
fate), which is in agreement with the LAMMA 
data. 


The Sample Collected on Board the Fleetra 
Atrercft. About 80% of the fine-mode aerosols 
detected in the aircraft sample contained sul- 
fates, chlorides, carbonates, and organic ma- 
terial. Figure 2(a) shows a typical spectrum 


of this type of particle, similar to those of 
the particles found in the ground sample. 
However, in addition to these salts, trace 
elements such as Pb and Cr were also detected 
in some of these aerosols. In fact, about 

25% of the fine-mode aerosols contained Pb as 
a trace element, not associated specifically 
with one particle type, which could point to a 
gas-phase condensation formation mechanism 
that is not specifically selective for a cer- 
tain particle type. A minor fraction of these 
aerosols also contained nitrogen-oxy-salts. 
Other aerosols contained Cu but also Zn and 

Pb (Fig. 2b) in agreement with the results of 
Beauford et al.° In addition to these ele- 
ments, Cr could be detected in the same parti- 
cles. 

The K- and P-rich phosphate particles shown 
in Fig. 3, similar to the most abundant parti- 
cle type for the ground-based sampling, re- 
vealed some molecular fragment peaks that 
point to the molecular species CyH3NO2. The 
fragmentation pattern is consistent with an 
organic molecule having both a carboxyl group 
and an amine function, which points to an 
aminobutryic acid as being the most plausible 
identification for the unknown molecule.?° 


Coneluston 


The results clearly demonstrate the power 
of LAMMA for the simultaneous detection of 
trace elements and the fingerprinting of or- 
ganic molecules, together with the speciation 
of the matrix composition of the individual 
aerosol particulates. Since one spectrum is a 
superposition of the fingerprints of many in- 
dividual chemical identities, the interpreta- 
tion of the spectra is not always straightfor- 
ward. Nevertheless, the results of the LAMMA 
measurements form an important supplement to 
the electron probe x-ray microanalysis (EPMA) 
data. The application of individual particle 
analysis techniques can very advantageously 
support the interpretation of trace element 
bulk analysis. 

Interesting data about the correlation of 
plant related material with trace elements 
such as Cr, Cu, Zn, and Pb have been found and 
the detection of some organic molecules on the 
micrometer-size level became feasible. Aiso, 
the detection of particles consisting of plant 
nutrients provides a direct indication for the 
release of these chemical species by plant 
transpiration. 
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FIG, 1.--(a) Positive and (b) negative mode 
LAMMA spectra of a particle type assigned to 
a sulfate and sulfonate salt of an amine. 
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FIG. 2.--Positive-mode LAMMA spectra illus- 
trating presence of elements such as Cr, Pb, 
Cu,and Zn in Amazon Basin aerosol. 
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FIG. 3.--Positive-mode LAMMA spectrum of K- 
and P-rich particiles, which also point to 
presence of CyHgNO2-molecule. 
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MULTI-ISOTOPE MULTI-ELEMENT LABELING IN MICROBEAM ANALYSIS OF BIOLOGICAL TISSUES 


W. H. Schréder, Angela Einerhand, Jtirgen Lauer, Hans Eschweiler, 
Ruth Langner, G. L. Fain, and Josef Bauch 


The study of cellular compartmentization is of 
major importance in cell biology. Convention- 
al microbeam analysis techniques can yield im- 
portant information on the distribution of 
cellular material at a given time. However, 
as the cell is constantly changing and re- 
sponding to outside stimuli, a static image 
does not give sufficient information on the 
actual dynamic processes. Analysis of time 
kinetics by conventional microbeam technique 
is faced with the problem (not always recog- 
nized) that uptake and release of material may 
balance out, so that even rapidly exchanging 
systems appear to the observer as static sys- 
tems without any change. 

In following the goal of studying dynamic 
processes, we developed a labeling system for 
microbeam analysis of cells and tissues based 
on the LAMMA microprobe technique and the use 
of stable isotopes. 

The LAMMA instrument uses a focused laser 
beam selectively to vaporize small areas of 
sections and introduces the resulting ions 
into the beam of a time-of-flight mass spec- 
trometer. This procedure permits isotope 
analysis with a local resolution better than 
1 um. 

One of the most interesting elements for 
studies on compartmentization and how cells 
use compartments to regulate cellular pro- 
cesses is Ca, since the Ca ion is known to be 
involved in many regulatory processes. The 
free Ca** concentration in the cytoplasm is 
probably very low in most cells but most like- 
ly very high in some internal pools (enclosed 
compartments). 


Isotope Labeling to Study Ca Uptake 


In the first experiments to demonstrate the 
feasibility of isotope labeling we analyzed 
the uptake of Ca into pigment granules in ar- 
thropod photoreceptor cells, which we suspect 
to be large, slowly exchanging Ca pools. 

In these experiments the retinas were iso- 
lated and then incubated in media that con- 
tained as the only Ca source *"Ca, 98% en- 
riched. After the incubation for various 
times we analyzed the pigment granules (for 
*°ca and *4Ga) and were able to measure a time 
kinetics of *°ca originally present, as well 
uptake of **Ca from the medium. The combina- 
tion of the isotope ratios from LAMMA measure- 
ments and the absolute Ca amount from EDX 
analysis permitted quantitative analysis for 
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each of the isotopes. 


Labeling Uptake from Vartous Sources 


Just as uptake from the incubation medium 
can be monitored by incubation in labeled me- 
dia, we can study uptake from both sides of a 
tissue or transport across a tissue by incu- 
bating a planar tissue with different isotopes 
on either side. This procedure is of particu- 
lar interest in the study of epithelia. 

We incubated preparations of isolated (ret- 
inal) pigmentepithelium-choroid tissue ina 
two-chambered dish (such as is frequently used 
for physiological studies) with media contain- 
ing **Ca on one side and '“Ca on the other. 

We then used the time kinetics from LAMMA 
measurements of the original 40, the label 42, 
and **Ca to trace simultaneously the uptake of 
Ca from the two sides of epithelium. Differ- 
ences in uptake could be clearly demonstrated. 


Pulse Chase Labeling 


Once the uptake of Ca is demonstrated it is 
interesting to see whether Ca pooling occurs 
and to analyze the transfer rates between 
pools. That can be done using pulse chase 
labeling in analogy to radio-tracer labeling 
for autoradiography. In pulse chase labeling 
the label is not applied constantly but only 
for a brief time and then the label is washed 
out. This procedure makes it possible to fol- 
low how the label moves in and out of pools. 
An elaborate extension of pulse chase labeling 
is the use of a different isotope (different 
from the one originally present and from the 
label) for the chase. 

One system for which the analysis of the 
movement of Ca in and out of internal stores 
is of special interest as a model system is 
the vertebrate photoreceptor. A specific 
question is whether, in the outer segment of 
rods, a fraction of Ca may be sequestered in 
membrane vesicles, the disks. Here we incu- 
bated the isolated retina first in **Ca and 
allowed for a considerable uptake of *?Ca. 
Later we exchanged the incubation medium for 
one containing **Ca. In LAMMA analysis we 
could monitor first the uptake of **Ca in the 
first labeling solution but little release of 
the *°ca already present. After the switch to 
the *"Ca solution we observed a very rapid ex- 
change of the first label (**Ca) with the sec- 
ond label (**Ca), but very slow exchange of 
the original *°Ca. We took that to indicate 
that there are at least two pools of Ca, one 
rapidly exchanging with the outside and one 
with very slow exchange, presumably within the 
membrane enclosed compartment, the disks. 


Multt-element Multit-isotope Labeling 


The labeling procedures presented here for 
Ca can of course be applied to all elements 


ie) 


with two or more stable isotopes. Our first 
application to the labeling of several ele- 
ments is the study of nutrient uptake in plant 
root cells. 

Very little is known about the molecular 
and cellular mechanisms of the nutrient uptake 
in roots of plants. Besides the severe tech- 
nical problems in the specimen preparation of 
plant tissue it is evident, especially in this 
case, that no changes in the amount of any 
element taken up will be seen in (heaithy) 
steady-state conditions if conventional micro- 
probe techniques are used. We have incubated 
roots from intact spruce plants in laboratory 
and field studies with *°Mg, *K, and **Ca and 
have monitored the effects of various environ~ 
mental factors (e.g., low pH and high [Al]) on 
the ion exchange properties of the cell walls 
of the root cells, and have followed the label 
into the stem of the plants to study transport 
kinetics. 
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FINGERPRINTING OF CHEMICAL SPECIES IN MICROPARTICLES: 
CORRELATIVE LASER AND ELECTRON MICROPROBE STUDIES 


I. H. Musselman, J. T. Rickman, and R. W. Linton 


Laser microprobe mass spectrometry (LAMMS) has 
been shown to differentiate among particles of 
nickel metal and various nickel compounds 
(NiO, NiSOQ,*7H20, NiS, and Ni3S2), by use of 
their characteristic cluster ion mass spec- 
tra.’ However, the identification of com- 
pounds such as these nickel species and their 
distribution between, or within, individual 
environmental particles by LAMMS alone is com- 
plicated by both inherent particle heterogene- 
ity and the limitations of the LAMMS tech- 
nique (changes in spectral intensity due to 
variations in laser energy from shot to shot, 
limited dynamic range, and complexities of 
cluster ion formation). These difficulties 
may be addressed by use of the complementary 
technique of scanning electron microscopy cou- 
pled to energy dispersive x-ray spectroscopy, 
SEM/EDS.* The imaging capabilities of the SEM 
may be used to establish particle morphology 
and size prior to chemical analysis by EDS and 
LAMMS. A qualitative survey of the major and 
minor elements in the sample as well as quan- 
titative x-ray intensity information may be 
obtained by EDS. Unlike SEM/EDS, which is un- 
able to detect x rays generated from elements. 
with Z < 11 with the conventional thin beryl- 
lium window lithium-drifted silicon [Si(Li)] 
detector, LAMMS permits the detection of all 
elements and their isotopes. In addition, the 
formation and detection of cluster ions (an 
ion which consists of a group of atoms, not 
necessarily a multiple of the molecular ion) 
by LAMMS may make the differentiation of 
closely related compounds possible.?’*7*® in 
comparison, X-ray line shapes in conventional 
EDS studies generally provide little direct 
chemical speciation information. 

In this study we compare data taken by com- 
bined SEM/EDS and LAMMS from identical parti- 
cles in the micrometer size range produced by 
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a fluidized bed roaster (FBR) in a nickel re- 
finery. The goal is to assign molecular 
structures to the nickel-containing compounds 
in the particles. The FBR dust serves as a 
useful environmental sample for analytical 
technique development in that it has a very 
high total nickel content (about 50 wt%) and 
is known from wet chemical analyses to have 
several classes of nickel compounds (e.g., ox- 
ides, sulfides, sulfates) with varying biolog- 
ical impacts. 


Experimental 


Sample Preparation, The nickel reference 
samples (Ni°, NiO, NiSQy*7H20, NiS, and Ni3S2) 
were mounted dry on Formvar-coated transmis- 
sion electron microscope (TEM) grids for SEM 
and LAMMS analysis. The FBR dust sample was 
dispersed in freon in an ultrasonic bath to 
form a homogeneous distribution of particles. 

A drop of the freon/particle mixture was 
placed on a TEM grid and allowed to dry under 
a heat lamp. All samples prepared for SEM/EDS 
analysis were subsequently coated with carbon 
to minimize charging during measurements. 

Correlative Procedure. Spectra from nickel 
metal and the nickel compounds were obtained 
by both SEM/EDS and LAMMS to use as references 
for the spectra collected from the FBR parti- 
cles. For SEM/EDS, the S/Ni ratios of the 
nickel] samples, calculated from the Ke x-ray 
peak areas, served as the references. For 
LAMMS, the references were the characteristic 
positive cluster ion mass spectra of each of 
the nickel samples. 

The FBR dust sample was analyzed first by the 
SEM. The grid squares of the sample mount were 
chosen randomly and eliminated only if particle 
loading was too heavy or if substantial portions 
of the Formvar film were damaged. All particles 
in each suitable grid square were analyzed by 
SEM/EDS unless the particle was too small or too 
close to adjacent particles. Following x-ray 
analysis, the same FBR particles were analyzed 
destructively by LAMMS. 

Instrumentation and Analysts. The SEM/EDS 
measurements were made in an ISI DS-130 Scan- 
ning Electron Microscope equipped with an 
energy-dispersive Si(Li) detector. The mi- 
croscope is automated with a Tracor Northern 
TN-5500 Digital Imaging System, which in- 
cludes a particle recognition and characteri- 
zation (PRC) program. This program uses digit- 
al beam control to locate, size, and obtain 
x-ray spectra from the particles. The EDS 
measurements were obtained with a i5keV elec- 
tron beam and a collection time of 99 s per 
particle. EDS spectra were obtained from about 
50 particles of each nickel reference sample, 
and from 172 FBR particles. Background-corrected 
x-ray intensity ratios of S/Ni were obtained 
from the Ka lines of each spectrum. The majority 
of particles analyzed for the reference and 


FBR particle samples were within the 1-2um- 
diameter range. However, since the S and Ni 
Ka x rays are of considerably different energy 
(2.31 keV and 7.48 keV, respectively), and the 
particles are not highly spherical, size ef- 
fects may be particularly significant even in 
this narrow range. No corrections have yet 
been made for particle size effects. 

The laser microprobe measurements were made 
with a Laser Microprobe Mass Analyzer, LAMMA- 
500, coupled to two Biomation model 8100 tran- 
sient recorders,’~? The chosen laser wave- 
length for analysis was 266 nm and the average 
energy delivered to the sample was 0.97 uJ. 
The laser and spectrometer conditions allowed 
for complete ablation of each particle and 
were chosen to maximize the production and de- 
tection of positive cluster ions!°®7** to fa- 
cilitate differentiation of the nickel refer- 
ence samples.+ Five positive ion mass spectra 
were obtained from 1-2um-diameter particles 
from each of the nickel reference samples. 

The same FBR particles analyzed by SEM were 
analyzed subsequently by LAMMS. 


Results and Diseussion 


By use of only a few select atomic and 
cluster ions in the positive ion LAMMS spectra 
obtained from the nickel reference samples 
Ni°, NiO, NiSQy*7H20, NiS, and Ni3S2, four of 
the five nickel species are differentiated, as 
shown previously. In the former study, NiS 
(sulfide) and Ni3S2 (subsulfide) have quali- 
tatively identical spectra, both exhibiting 
peaks for the NiS*+, Niot, NiSot, NieS+, and 
Ni3S* cluster ions. The variation in cluster 
ion peak intensities obtained from multiple 
analyses of the two sulfide compounds is too 
large to enable their distinction. Represen- 
tative positive ion LAMMS spectra of four of 
the reference samples are shown in Fig. 1. 

LAMMS data were obtained from 120 of the 
172 FBR particles analyzed by SEM/EDS. Spec- 
tra of the remaining 52 particles were not ta- 
ken due to breakage of the formvar film, to 
particle loss during transport, or to impre- 
cise laser alignment during the ablation step. 
Fifty-seven of the 120 particles (48%) anal- 
yzed by LAMMS exhibit nickel-containing cluster 
ions in the positive ion mass spectra. The 
LAMMS results for the remaining particles ex- 
hibit ions only for atomic species or for 
clusters containing other elements. The ab- 
sence of cluster ions in some spectra is at- 
tributed to inadequate coupling of the laser 
pulse energy with the particle due to inherent 
fluctuations in the laser energy from pulse to 
pulse, to variations in laser focus, and to 
the imprecise lateral positioning of the laser 
beam on the particle. 

The procedure by which the SEM/EDS (172 
spectra) and LAMMS (120 spectra) data are cor- 
related is summarized in a flow chart in Fig. 
2. The data are first divided according to 
the presence or absence of nickel-containing 
cluster ions in the LAMMS positive ion mass 
spectrum. Specific species assignments are 
not possible for particles without LAMMS data 
exhibiting nickel-containing cluster ions. 
Based solely on the LAMMS cluster ion spectra, 
the particles are divided into two categories: 
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(1) particles whose LAMMS spectra resemble the 
reference sample of nickel oxide or nickel 
sulfate, i.e., the presence of the NiO+ and 
Niz20* cluster ions (Fig. 3A), and (2) parti- 
cles whose LAMMS spectra resemble that of 
nickel sulfide or nickel subsulfide, i.e., the 
presence of the NiSt, NiS2*, and NizSt cluster 
ions (Fig. 3B). The intensities of the clus- 
ter ions from the FBR dust sample are general- 
ly smaller than for the nickel reference sam- 
ples, probably due to the heterogeneous nature 
of the dust particles. For this reason, the 
small Ni2O2t/NizS* peak in the spectra of 
NiSO,*7H20 (but not NiO) is rarely seen in the 
spectra of the FBR particles. Atomic sulfur, 
because of its high ionization potential 
(10.36 eV) is often not present in positive 
ion LAMMS spectra and therefore is not used to 
differentiate nickel sulfate from nickel ox- 
ide. Of the 57 particles whose positive ion 
mass spectra exhibit nickel-containing cluster 
ions, 43 are classified as containing nickel 
oxide and/or nickel sulfate and the remaining 
14 are classified as containing nickel sulfide 
and/or nickel subsulfide. Aithough the spec- 
tra of some of the FBR particles contain peaks 
for the nickel atomic ion Nit and the cluster 
ion Niz*, as observed in the spectra of nickel 
metal, the EDS spectra of these same particles 
often exhibit major peaks for sulfur. Since 
the intensities of the Ni,* peak inthese spec- 
tra are small, other cluster ions that should 
be present are probably not detected. This 
group of particles is treated as exhibiting no 
nickel cluster ions. 

The FBR particles, whose LAMMS spectra ex- 
hibit nickel-containing cluster ions, can be 
divided further by examination of their x-ray 
spectra. The criteria used to classify these 
particles are indicated in the flow chart. Of 
the 43 particles classified by LAMMS as con- 
taining nickel oxide and/or nickel sulfate, 17 
exist as nickel oxide as determined by low 
S/Ni x-ray intensity ratios, <0.2. The S/Ni 
ratios of 9 of the 43 particles are within 
tlo, 1.5-2.6, of the average ratio obtained 
from 51 particles of the nickel reference sam- 
ple nickel sulfate. For the remaining 17 par- 
ticles, the S/Ni ratios are skewed, all out- 
side of the lower lo limit, <1.51. It is pos- 
sible that these particles exist as nickel 
sulfate, but more probably they exist as mix- 
tures of nickel sulfate and nickel oxide. 

The S/Ni normal distributions of the Ni,S, 
and NiS reference samples (obtained from 49 
and 40 particles, respectively) are shown in 
Fig. 4. The distributions are different 
enough to allow for discrimination between the 
sulfides, although care must be taken in the 
region of overlap. The distinction between 
Ni3S2 and NiS is based on tlo (Ni3S2: 1.2-1.5, 
NiS: 1.9-2.5). The particles whose S/Ni ra- 
tios are outside of the lo limit, away from 
the region of overlap, are also differentiated 
as Ni3S2 or NiS, based on the assumption that 
elemental Ni or S is not present to alter the 
x-ray ratios. Of the 14 particles classified 
by LAMMS as containing nickel sulfide and/or 
nickel subsulfide, 6 exist as Ni3S2 and 4 as 
NiS. The S/Ni ratios of the remaining 4 par- 
ticles, which lie in the region of overlap, 
may exist as either NiS or Ni,;S, or as a mix- 
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ture of NiS and Ni;S,. Particle classifica- 
tions are listed with the corresponding number 


of particles assigned to each class in Table l. 


LAMMS has been shown to differentiate among 
particles of various nickel reference sam- 
ples.+ However, environmental samples, such 
as these FBR particles, complicate the LAMMS 
spectra making nickel compound identification 
difficult by LAMMS alone. LAMMS, in this 
study, was able to distinguish between two 
distinct particle types: NiO/NiSO,*7H20 and 
NiS/Ni3S2. Using the complementary techniques 
of LAMMS and SEM/EDS, however, we have shown 
that molecular structures may be assigned to 
four nickel-containing compounds (NiO, NiSO,° 
7H20, NiS, and Ni3S2) in the FBR particles. 
With proposed corrections for particle size 
effects, it may be possible to remove some of 
the ambiguity surrounding the identification 
of the particles currently classified as mix- 
tures of nickel compounds. Direct supporting 
evidence for intraparticle heterogeneity has 
been obtained recently by cross-sectional in- 
aging studies involving techniques including 
light microscopy and SEM/EDS.** Many of the 
x-ray spectra obtained from FBR single parti- 
cles probably reflect both the effects of par- 
ticle size and the actual presence of mixtures 
of nickel species. 
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TABLE 1.--Nickel refinery particle classifica- 
tions. 


1. Nickel oxide 17 
2. Nickel sulfate 9 
3. Nickel sulfate or mixture including 
nickel sulfate and nickel oxide 17 
4. Nickel subsul fide 6 
5. Nickel sulfide 4 
6. Nickel sulfide, nickel subsulfide, or 
mixture of the two 4 
57 
7. Unable to speciate, no LAMMS data 
containing nickel] cluster ions +145 
Total = 172 


NOTE: Particle classes 1-6 are from correlative 
LAMMS and SEM/EDS data. 
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INORGANIC CLUSTER ION FORMATION IN THE LASER MICROPROBE 


R. W. Linton, I. H. Musselman, Frank Bruynseels, and D. S. Simons 


One of the analytically important features of 
laser microprobe mass spectrometry (LAMMS) is 
the observation of abundant cluster ion sig- 
nals in a unique "fingerprint" pattern that 
may be characteristic of compound structure 
and stoichiometry. Thus, the spectra may con- 
stitute a valuable empirical approach to the 
determination of chemical species within mi- 
crovolumes of solid materials. One illustra- 
tion is our LAMMS study of various nickel com- 
pounds prceent in environmental particulate 
matter.?~* A much more difficult issue is the 
establishment of mechanisms by which the above 
cluster ion patterns are produced, including 
the influences of instrumental parameters. 

It is generally impossible to predict a 
priort the nature of cluster ions generated 
from various compounds. It is complicated by 
the sensitivity of the clusters to various 
sample characteristics (e.g., particle size, 
shape, orientation) and to various instrumen- 
tal parameters (e.g., laser energy, laser pow- 
er density, ion kinetic energy discrimination, 
transient digitizer dynamic range}. Cluster 
ion formation reflects not only the direct 
emission of charged species during pulsed la- 
ser beam irradiation that mirror the molecular 
structure of the solid, but also recombination 
reactions of ionized and neutral species in the 
laser-induced plasma. The latter process ob- 
viously complicates the relationship between 
the cluster ions detected and the original mo- 
lecular characteristics of the sample. 

As an initial demonstration that recombina- 
tion of cluster ions from nickel compounds, 
micrometer-size NiS particles were mounted on 
an isotopically enriched 34s film. The trans- 
mission geometry of the LAMMS instrumentation 
used in this study requires laser penetration 
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through the sample thickness and ion extrac- 
tion from the sample side facing the extrac- 
tion lens of the time-of-flight (TOF) mass 
spectrometer. This geometry insures that both 
the NiS particles and the *"S film underneath 
them are included in the analytical volume 
vaporized by a single laser pulse. Substan- 
tial recombination, as reflected in 34S en- 
richments in the various NixSy cluster ions, 
was observed. * 

Although the above experimental system pro- 
vides unequivocal evidence of recombination, 
it is limited by the effects of variations in 
particle physical characteristics (size, 
shape) on spectral reproducibility, and by the 
fact that all clusters may reflect contribu- 
tions by both direct and recombination forma- 
tion mechanisms. To circumvent these compli- 
cations, a multilayer "sandwich" film sample 
preparation was developed (Fig. 1). The Au 
film between the Ni and S layers assures that 
any NixSy ions observed must form by mechan- 
isms involving recombination, i.e., no bonding 
of Ni and S is possible in the solid state. 
However, for other ions observed, such as Ni, 
or Sy, Clusters may form by direct emission or 
by fragmentation of larger metastable species, 
as well as by recombination reactions. The 
sandwich films are sufficiently uniform to 
provide the necessary spectral reproducibility 
for a systematic evaluation of the effects of 
LAMMS instrumental parameters on cluster ion 
formation. Preliminary studies of positive 
ion spectra as a function of sample geometry, 
laser power density, and ion extraction lens 
petential are described below. A more de- 
tailed investigation, including negative ion 
spectra and ion kinetic energy distributions 
derived from the energy cutoff property of the 
ion reflector, is the subject of a subsequent 
study. °® 


Experimental 


Sample Preparation. High-purity elemental 
S or Ni powders were secured by double-stick 
tape on a stainless-stcel mount. The powders 
were sputtered with Ar in a Gatan Dual Ion 
Mill (2.5 kV, 0.25 mA gun discharge current, 
40° angle of incidence). Sputtered material 
was deposited as a film on Formvar-coated 
transmission electron microscope (TEM) grids. 
Deposition times of 1-1.5 h for each layer 
were optimal. Shorter times (0.5 h) created 
films of inadequate thickness to produce de- 
tectable cluster ions; longer times (> 2 h) 
produced films that were too difficult to per- 
forate with the maximum laser power density a- 
vailable. Contaminants (Fe, Cr) were observed in 
the spectra of the films, probably originating 
from the stainless-steel mount. However, 
these species did not interfere significantly 
with the detection of the cluster ions of in- 
terest. Thin Au films between the Ni and S$ 
layers were deposited for 4 min by means of a 


Technics Hummer Sputter Coater and a Au target 
(7 or 8 kV, 10 mA discharge current). Some Al 
contamination was observed in the Au film, 
probably originating from the target holder in 
the coater, The Al impurity did not pose 
problems in the study of the NixSy clusters, 
Two sequences for film depositions were 
used (Fig. 1). LAMMS data were obtained after 
each step of this multilayer deposition 
scheme, which assured that samples were fabri- 
cated according to design and that signals 
corresponding to the NixSy cluster ions of in- 
terest appeared only after the deposition of 
both the Ni and S layers. Initial LAMMS ex- 
periments indicated problems in the stability 
of the films, specifically when the S layer 
was deposited on the Formvar film directly ad- 
jacent to TEM grids made of Cu (Fig. la). 
Mass spectra taken over several weeks were in- 
creasingly dominated by Cu and CuxSy clusters, 
rather than the intended NixSy species. These 
artifacts were eliminated by use of Au TEM 
grids and by storage of the sandwich films un- 
der Ar. 


LAMMS Instrumentatton. The LAMMS measure~ 
ments were obtained with a Laser Microprobe 
Mass Analyzer, LAMMA-500 (Leybold Heraeus). A 
frequency-quadrupled Nd-YAG laser (A = 266 nm, 
tT = 15 ns, maximum power density ca 10*° 
W/cm?) was focused on the specimen with the 
aid of a He-Ne pilot laser. Studies of clus- 
ter ion intensity as a function of laser power 
density were performed by incremental shifts 
in the axial position of the 32x objective 
lens, which focuses the laser beam according 
to procedures described previously by Wurster 
et al.° Spectra were taken as a function of 
increasing defocus; i.e., the laser was fo- 
cused at increasingly greater distances away 
from the time-of-flight (TOF) mass spectrome- 
ter. Corresponding objective lens shifts from 
the focus condition are described as +5, +10, 
and +20 um. Negative shifts (<0 pm) or shifts 
>25 ym produced minimal NixSy cluster ion sig- 
nals in most instances. The size (diameter 
and area) of the laser-induced perforations 
was measured subsequently by a scanning elec- 
tron microscope (ISI Model DS-130) and a digi- 
tal imaging system (Tracor Northern Model 5500} 

The ions generated by the laser pulse in 
the LAMMA-500 are extracted at 180° relative 
to the incident laser (transmission geometry) 
and analyzed in a TOF mass spectrometer. For 
the studies described in the preceding para- 
graph, the ion focusing lens potential was op- 
timized for maximum NixSy cluster ion intensi- 
ties at approximately -1125 V. Significantly 
different intensity dependences of atomic vs 
cluster ions are generally observed as a func- 
tion of ion lens potential. This result is 
attributed to chromatic aberrations, which 
lead to different transmissions of various 
ions having different kinetic-energy distribu- 
tions.’ Studies of cluster ion intensity 
as a function of ion lens potential were per- 
formed on the sandwich films over a total 
range of -750 to -1350 V in a random sequence 
of 25-50V increments. 

For all the experiments described above, a 
average of 10 spectra (each obtained from a 
fresh surface) was used for each distinct set- 
ting of laser focus (objective lens shift) and 
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ion lens potential. This procedure helped to 
reduce the effects of variations in laser en- 
ergy (typically 15% S.D.) or focus from shot to 
shot. A LeCroy transient digitizer (Model TR 
8818-MM8103/8 coupled to an IBM PC-AT Comput- 
er) was used to collect and process the spec- 
tra as described by Van Espen et al.* The 
integrated peak areas for the atomic Ni and 
NixSy ion clusters of interest covered a range 
of about 100:1 for any given setting of laser 
focus or ion lens potential. For all condi- 
tions, the most intense Ni-containing ion used 
for quantitative purposes was °°Ni*. Compari- 
son of its intensity to the much less abundant 
®2Ni* isotope was used to confirm that detector 
saturation or other nonlinear processes did not 
substantially affect ion signals of interest. 


Results and Diseusston 


Effects of Sample Geometry. Examples of 
qualitative spectra for the sandwich films are 
shown in Fig. 2. Figures 2(a) and 2(b) cor- 
respond to the sample geometries shown in 
Figs. l(a) and 1(b), respectively. In both 
cases, sample orientation was such that the 
Formvar-coated grid was facing toward the ion 
extraction lens, and thus away from the direc- 
tion of laser incidence. Clearly, the orien- 
tation with the S layer closer to the ion ex- 
traction lens provides better NixSy cluster 
ion signais (Figs. la and 2a). Orientation of 
sample A in the LAMMA sample holder such that 
the Ni layer faced the ion lens produced spec- 
tra comparable to that of Fig. 2(b). Similar- 
ly, orientation of sample B such that the S$ 
layer faced the ion lens produced spectra more 
comparable to that of Fig. 2(a), although the 
absolute intensities of atomic Ni and NixSy 
clusters were usually not as high. This find- 
ing probably reflects the fact that the laser 
pulse must dissipate some energy in penetrat- 
ing the Formvar film before reaching the sand~ 
wich structure. Hence, in all subsequent 
studies the sample A geometry was used with 
the Formvar layer closest to the ion lens of 
the mass spectrometer. 

Effeets of Laser Power Density. Data for 
the studies of selected ion intensities and 
perforation sizes as a function of objective 
lens shift are sumamrized in Table 1. Al- 
though not shown, values for a Oum shift were 
similar to the +5um position. Shifts outside 
of the 0 to +20um range produced NixSy cluster 
intensities bélow detection limits in most cases. 

The ratio of intensity to perforation vol- 
ume is a rough measure of the relative ioniza- 
tion probability (IP). The signal intensity 
is a function both of the laser power density 
and the elemental ionization potential. The 
atomic ion signals (Ni* or Aut) exhibit a de- 
crease in intensity with increasing laser de- 
focusing (decreasing laser power density). 

For the °°Nit+ signal, the ratio of IP at the 
+5 um vs +20 ym objective lens shift is about 
21:1. For *°7’Au*, the corresponding IP ratio 
is about 110:1. Atomic S, because of its very 
high ionization potential (10.36 eV), was not 
present reproducibly in the positive ion 
spectra and could not be compared to other 
atomic ion data, 

As expected, the cluster ion intensities 
are highest at a more defocused condition 


(+10yum shift) reflecting lower laser power 
densities more typical of a laser desorption 
mode. However, some of the recombination 
cluster ions (NixSy) are similar in abundance 
to intensities of the clusters originating 
from only one of the films (*7®Ni,* or °*S,+). 
The dimer ions also may be formed by recombi- 
nation in addition to direct emission from the 
solid via laser desorption. The above results 
are comparable to those observed by Wurster 

et al. for Cu/Ag sandwich films. ® 

Figure 3 illustrates the trends in ion in- 
tensities as a function of laser focus. The 
most intense signal for each ion among the 
three focus conditions is normalized to 100 to 
facilitate a direct comparison of the various 
ions. All the NixSy clusters show the same 
qualitative trend with a peak in intensity at 
the +10um objective shift. The exception is 
9°NiS*, which peaks at the most focused condi- 
tion (+5um shift) and shows a decrease with 
defocusing similar to those of the atomic 
6°Ni+ and *°7Aut ions. 

Based on the above results involving both 
sample geometry and laser focus, it is possi- 
ble to speculate on some of the ion recombi- 
nation mechanisms responsible for NixSy clus- 
ter ion formation. One likely contributor is 
gas phase ion molecule reactions involving Nit 
or Ni,* cationization of neutral Sx clusters 
(S,52,S3) produced from the S film. A laser 
power density that is too high in the S layer 
may decrease the abundance of Sx neutral clus- 
ters, produced by either laser desorption or 
recombination, that are available for Ni ca- 
tionization reactions. Correspondingly, a 
somewhat higher laser power density may be de- 
sirable in the Ni layer to assure substantial 
production of Ni ions (Ni*, Ni,*) available 
for subsequent reaction with Sy clusters. In- 
deed, the preferred sample orientation is such 
that the full laser energy is available only 
to the Ni film. Furthermore, the laser energy 
used was within about a factor of 3 of the 
minimum required for perforation of the sam- 
ple. Laser power densities close to the 
threshold of perforation have been known to 
promote preferential ion extraction from the 
sample side facing the ion extraction lens.°»° 
Thus, the LAMMA spectra also would be expected 
to show a preferential contribution from S- 
containing ions since the S film is closer to 
the ion lens. 


Effects of Ion Extraction Lens Potenttal. 
Ion discrimination effects in the LAMMA~500 
have been described previously.’ The discrim- 
ination effects of the einzel lens used for 
ion focusing can be attributed to chromatic 
aberration if the different types of ions have 
different kinetic energy distributions. The 
kinetic energy distributions of positive atom- 
ic or diatomic ions tend to be broader and 
peak at less negative ion lens potentials rel- 
ative to more complex clusters, as observed 
previously in LAMMA studies of a TiO, film.’ 
Lower-energy ions are transmitted in the range 
between about -1350 and -1050 V; higher-energy 
ions are detected between -1050 and -750 V. 


Results from our Ni/Au/S sandwich films are 
very consistent with the results described 
previously for Ti0,.’ Plots of ion intensity 
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vs lens potential are given in Fig. 4. Atomic 
ions (Ni*, Aut) have a broad distribution with 
a peak at -1075 V. This result is consistent 
with atomic ion formation at high thermal en- 
ergies followed by transfer of some energy to 
other species in the plasma, Increasingly 
complex cluster ions (NixSy) have progressive- 
ly narrower energy distributions. Peak inten- 
sities also occur at lens potentials about 25 
to 50 V more negative than for the atomic 
ions. This is the likely result of incomplete 
ion acceleration reflecting the locus of ion 
formation,+°+! The NixSy clusters form by 
recombination after some expansion of the va- 
porized plasma. For example, a negative shift 
in median energy of 25 eV relative to atomic 
ions would imply formation of the clusters af- 
ter a plasma vapor expansion of about 50 um 
following the laser pulse.’ (This value is 
based on an estimated field strength of 0.5 
V/um in the ion source.) Other experiments 
consider the ion kinetic energy distributions 
in more detail using the energy cutoff proper- 
ty of the ion reflector.° 


Conetustons 


The results for the Ni/Au/S sandwich films 
demonstrate that the observation of cluster 
ions in the LAMMA spectrum is a sensitive 
function of (1) sample geometry and orienta- 
tion, (2} laser power density, and (3) ion fo- 
cusing lens potential. With appropriate se- 
election of these parameters, extensive ion 
recombination is observed involving NixSy 
clusters. The kinetic energy distributions of 
these cluster ions are narrower and peak at 
lower energy in comparison to atomic ions. 

All these factors complicate the relationship 
between the laser microprobe spectrum and the 
inherent molecular structure of the solid 
sample. 
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FIG. 1.--Ni/Au/S sandwich film samples. 
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FIG. 2.--LAMMA spectra of sandwich films, with 
Formwar-coated grid facing ion extraction lens. 
Left, as in Fig. LA; right, as in Fig. IB. 


TABLE 1.--Mean integral ion intensities (arbitrary 
units) as function of laser power density varied 
by axial shifts in the objective lens position. 
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Avg. Radius (ym) 
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FIG. 3.--Normalized mean ion intensi- 
ties as function of objective lens 
shifts and corresponding areas of per- 
foration. Asterisks indicate detec- 
tion limit values. (lon signals were 
not observed.) 
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FIG. 4.--Mean ion intensities (arbitrary 
units) as function of ion lens potential. 
Ton identities are as in Fig. 3. Detection 
limits for ions correspond to mean ion in- 
tensity of vl on log scale. 
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OBSERVATIONS DERIVED FROM THE APPLICATION OF PRINCIPAL-COMPONENT 
ANALYSIS TO LASER MICROPROBE MASS SPECTROMETRY 


R. A. Fletcher and L, A. Currie 


Laser Microprobe Mass Spectrometry (LAMMS) 
provides a unique means of obtaining mass 
spectral information from nonvolatile organic 
compounds. With such information one has the 
potential to infer the structure and identi- 
fication of compounds, and origins of micro- 
particles. Because of the relatively low mass 
resolution of the spectrometer, fragment ion 
and hence chemical identification is often 
difficult. We are therefore exploring a range 
of powerful multivariate and pattern-recogni- 
tion approaches such as principal-component 
analysis (PCA) to aid in LAMMS experiment de- 
sign and spectrum interpretation. A new sam- 
ple-mounting technique is also presented. 

Pattern recognition has already been em- 
ployed to analyze pyrolysis mass spectra,*?” 
and some work has been done to implement a 
fingerprinting procedure for LAMMS.3? In our 
work, a laser microprobe mass spectrometer 
(LAMMA 500)* is the source of numerous mass 
spectra to which PCA has been applied. The 
most important step in our data reduction is a 
filtering process or feature selection 
(Fig. 1) to distinguish important or relevant 
information. For PCA, the peak areas of each 
computer-archived spectrum are first found and 
then normalized by use of a common peak area 
selected on the basis of its chemical signifi- 
cance and measurement reliability. Normali- 
zation is desirable to focus attention on dif- 
ferences in patterns. The normalized areas 
are then filtered by computer (with human su- 
pervision and intervention) for features that. 
contain the most useful pattern recognition 
information. "Filtering" in this context re- 
fers to the automatic selection of masses 
(peaks) exhibiting sufficient '"'characteristi- 
city,'t? adequate discriminating power based on 
inter- (in contrast to intra-) component vari- 
ance. In the expression, ml and m2 refer to 
means of corresponding features (for set 1 and 
2; i.e., compound 1 or 2) and SD1 and SD2 are 
their standard deviations. A data matrix com- 
posed of the more relevant features (peaks) is 
then used to extract the eigenvectors that 
best describe the data. The first few eigen- 
vectors (principal components} typically con- 
tain most of the information and are conven- 
iently displayed as a PCA map. 

When the data are plotted in terms of prin~ 
cipal components, like qualities appear in the 
form of clusters in principal-component space. 
If the features are quite similar, the clus- 
ters overlap. When significant differences 
appear, the clusters are separated in princi- 
pal-component space. An interesting property 
of PCA as used here (nonscaled) is that the 
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diameter of the clusters indicates the level 
of precision in the data. Malinowski® pro- 
vides an extensive explanation of PCA and tar- 
get factor analysis. 

We have analyzed by LAMMS/PCA two closely 
related polymeric materials being employed in 
a biotechnology study at NBS, poly(4-vinyl- 
pyridine) and poly(2-vinylpyridine). In 
Fig. 2 the two materials, though very much a- 
like structurally, have been resolved through 
PCA of their fragment ion patterns. The ma- 
terials are in the form of microbeads and are 
ablated by the laser microprobe by grazing or 
striking the edge of the bead with the radia- 
tion. This grazing technique may diminish re- 
producibility of the spectra due to the vari- 
able amount of particle irradiance and to the 
way the radiation is coupled into the parti- 
cle. An interesting observation provided by 
the plot of the first two principal components 
is that there is a large variance in the P2VP 
spectra that does not appear in the P4VP data. 
Since both are in the form of polymer beads, 
we would expect similar cluster diameters 
(hence variances). We are currently seeking 
an explanation. Most important, this example 
shows that a stngle spectrum (if properly se- 
lected in the manner mentioned above) does 
contain enough information to permit PCA. 
certain applications, including those dis- 
cussed below, only limited numbers of spectra 
can be obtained. 

Some of the other areas to which we apply 
the multivariate techniques are qualitative 
(ID) plus semiquantitative analysis of multi- 
component mixtures, and separation or recog- 
nition of airborne particulate pollutant 
sources. In multicomponent analysis, the sim- 
plest case is a two-component (hypothetical) 
mixture of compound A and B (Fig. 3). Ideally, 
in principal-component space, one would ex- 
pect the 2/3 A to 1/3 B mixture clusters (A,B) 
and 1/3 A to 2/3 B mixture (AB,) to relate to 
the pure component clusters A and B, as shown 
in the figure. This technique is well known 
in target-factor analysis.° 

As an experimental multicomponent test 
case, we studied the two-component mixture of 
the amino acids tyrosine (MW 181) and phenyl- 
alanine (MW 165). These two compounds were 
chosen because of the considerable previously 
reported work done on them with LAMMS,°® Fig- 
ure 4(a) shows the results for single-particle 
spectra in a plot of PCl vs PC2, with the pure 
phenylalanine (P)} cluster at the right and the 
pure tyrosine (T) cluster at the far left. 

The mixtures fall in between, but not in the 
expected order. Figure 4(b) shows the cluster 
orientation for summed spectra. For each 
point, 6 to 10 spectra were summed together 
for the given mixture or compound. Data re- 
duction was performed on the summed spectra 
instead of the single spectra in Fig. 4(a). As 
can be seen, the summing process generally 
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reduces the variance within a cluster and thus 
increases the significance of the separation 
between clusters. The trends in the mixed- 
component clusters are essentially the same. 
The mixed-component clusters, by their prox- 
imity to P, show that the features of phenyl- 
alanine tend to dominate those of tyrosine. 
This early result is very promising in that it 
does confirm the possibility of PCA in LAMMS 
of two component mixtures. The unexpected 
orientations of the clusters is intriguing 

and is currently under investigation. 

For the goal of individual particle analy- 
sis, we have realized the ability to do PCA on 
single spectra, as is necessary for particu- 
late work by LAMMS. To establish some back- 
ground information concerning carbon parti- 
cles, we have obtained sets of mass spectra 
for carbon particulate soot generated from 
controlled burning of four different mater- 
ials. The carbon particles were caught on 
high-purity quartz fiber filters that had been 
heat treated to drive off pre-existing organic 
compounds. The quartz fibers provide an ex- 
cellent support matrix material for microprobe 
analysis in the LAMMA 500 because entire fi- 
bers containing the particles of interest can 
be easily transferred to a transmission elec- 
tron microscope mounting grid. This proce- 
dure minimizes contamination of the particles, 
Since they never leave the filter fiber that 
collected them. Also, the fibers are long 
enough to lay unsupported across grid squares 
and thus do not come in contact with any other 
surface. The quartz fibers are of high purity 
and low in carbon contamination due to the 
heat treatment. Lastly, quartz is optically 
transparent to the laser radiation at its nor- 
mal operating wavelength, 266 nm. For these 
reasons, the use of quartz fibers is an ideal 
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method for mounting of particles, especially 
carbon-containing particles. 

In summary, PCA offers a way of uncovering 
hidden similarities in mass spectral data 
from the laser microprobe. We have demon- 
strated the utility for analysis of single 
mass spectra, useful for particulate studies; 
and we have reported some preliminary results 
from a study of binary mixtures. We are cur- 
rently analyzing the carbon soot data and 
working on extending the effort to collect am- 
bient airborne carbon particulates. Classifi- 
cation of airborne carbon particulates by PCA 
is useful for source identification of the 
pollutants. 
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DATA REDUCTION 


Raw Data ---~> Normalize~-~-> Filter--~--> PCA -~--> PC Plots 
Integrated j To Selected | mi+m2 t Principal 
Mass Peaks | Mass Peak {  ------- { Component 


| Not Normalized} (SD1 + 5D2)| Analysis 


{ to Sum I | 


FIG. 1.--Flow chart of data- 
reduction process. Left to 
right, raw data (peak areas) 

are normalized by selected mass 
feature, filtered by examination 
of characteristicity! for each 
feature, then analyzed by PCA 
following Malinowski.® 


FIG. 2.--Eigenvector [PCA] plot 
of poly(4-vinylpyridine) (P4VP} 
and poly(Z-vinylpyridine) (P2VP). 
Each point represents individual 
particle (bead). 
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FIG. 4.--(a) PC plot of pure and mixed tyro- 
sine (T) and phenylalanine (P); data reduced 
from single-particle spectra. (b} Same chem- 
ical system with 6 to 10 single spectra 
summed. 
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